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STASS skin-stringer tank analysis spreadsheet system
SWG science working group

TBD to be determined

TCS thermal control system

TDI time delay and integration

TEU thermoelectric units

TLI translunar injection

TMG™ thermal model generator

TRASYS thermal radiation analyzer system

3-D three-dimensional

TTDC transient thermal distortion coefficient
UIT ultraviolet imaging telescope

ULE ultralow expansion

uv ultraviolet
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GaSb
Hz

kbs

kg

kPa

SYMBOLS AND UNITS

solar absorptivity—thermal expansion coefficient
bits per second

conic constant

emissivity

Angstrom

density—radial coordinate
specific heat

centimeters

decibel

temperature difference

focal length of primary mirror
focal length of secondary mirror
focal length of tertiary mirror
gallium antimonide

Hertz

thermal conductivity—stiffness
Kelvin

kilobits per second

kilogram

kilometer

kilopascal

kilowatts

megapascal

secondary mirror magnification

tertiary mirror magnification
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m
Mbs
micron
mm
mrad
nm
Nm
ppm
rms

Iss

SiC

meters

megabits per second
10-% meters
millimeters
milliradian
nanometer

Newton meter

parts per million
root mean square
root of the sum of squares
silicon carbide

Watt
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TECHNICAL MEMORANDUM

LUNAR ULTRAVIOLET TELESCOPE EXPERIMENT (LUTE)
PHASE A FINAL REPORT

1.0 INTRODUCTION

1.1 Purpose

The purpose of the Lunar Ultraviolet Telescope Experiment (LUTE) phase A study was to
determine the feasibility of placing an unmanned, 1 m aperture, transit telescope on the Moon and
operating it from Earth for a minimum period of 2 years.

1.2 Scope

The scope of the LUTE phase A study included identifying the scientific and engineering
requirements, developing a feasible reference design configuration that satisfies the scientific and
engineering requirements, developing an operational approach to recovering and processing LUTE data,
and documenting the trade studies that were accomplished during the phase A activity. The educational
aspects of LUTE were assumed to be included in the scientific and engineering requirements and will be
addressed in phase B. The LUTE project incorporates new ways, recently identified by NASA, of
planning and implementing projects.

1.3 Background

Over the past 25 years, a scientific revolution has occurred in astrophysics as a result of two
advancing fronts. First, instruments and telescopes have been developed to make more sensitive meas-
urements throughout the entire electromagnetic spectrum. Second, access to space has permitted
observations without the influence of our atmosphere. The lunar surface is another advantageous loca-
tion for astrophysical observations, and many studies show that the Moon is a logical place to utilize
these advances in sensing technology and to establish space observatories. The unique advantages of the
Moon would enable instruments to achieve high resolution, operate over longer useful lifetimes, and
make observations in specialized areas of concern in ways not feasible with current telescopes operating
in Earth orbit.

Lunar-based telescopes will capitalize on a number of advantages the Moon offers as an observ-
ing platform (table 1). The lunar environment will enable important observations in the ultraviolet
(UV), which are constrained on Earth and in low-Earth orbit (LEO). Observation times for lunar-based
telescopes will not be handicapped by frequent interruptions due to occultations by the Earth, Sun, and
Moon. The dark lunar sky and the Moon’s slow rotation will facilitate observation of very faint objects.
This remote location also minimizes the geocoronal effect on observations. Lunar seismic activity is far
less than Earth’s, simplifying the choice of a stable site for a telescope. In addition, the low-gravity
environment will enable the use of lightweight structures and optics, as well as the positive preloading of
telescope joints and bearings.

Studies of lunar observatories (fig. 1) at Marshall Space Flight Center (MSFC) sponsored by
NASA Headquarters Astrophysics Division have shown that the design of telescopes that will reliably
operate on the Moon differ in many aspects from the traditional ground-based and orbiting telescopes.



Table 1. Advantages of astronomy from the Moon.

Vacuum environment No atmospheric absorption or attenuation

Dark, cold sky/surface Facilitates observation of faint objects; minimizes light pollution and
radio interference; aids IR observations

Magnetic field very low Magnetic field 104 to 10-2 times less than Earth’s I

Full sky view 28 days rotation; Earth subtends <3° from Moon; site selection to :

place Earth 10° above horizon

Instrument support Natural lunar structures

Lbng baselines feasible Enhances construction of interferometers
Stable platform | Lunar seismic activity far less than Earth’s (~2.5 Richter) f
Low gravity Facilitates light weighted structures and optics; positive preloading ;

of joints; bearings feasible; no tethers required
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Figure 1. Recent MSFC lunar-based optical astronomy facilities studies.
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The primary reason is the temperature extremes associated with the long lunar day and night cycle.
Therefore, the development of a small, scientifically productive telescope would also serve as a
technology pathfinder for future lunar observatories. The LUTE would provide this learning experience
prior to deploying a major astronomical facility on the Moon like the 2 m lunar transit telescope (LTT),
the 4 m lunar cluster telescope experiment (LCTE), or the 16 m large lunar telescope (LLT).

The LUTE project will also be utilized as a pathfinder for implementing new approaches to the
management of new NASA projects. On July 28, 1992, an in-house MSFC LUTE Task Team was
formed to focus and complete the remaining phase A activity and to perform the project planning for
design, fabrication, testing, launch, and 2 year operation of a telescope on the lunar surface. The LUTE
project will provide for an extended phase B activity, with a 5 year span from the start of phase B to
launch. The LUTE mission characteristics include: scientific merit, educational opportunities, low cost,
and high benefit-to-cost ratio. The LUTE project will provide opportunities to use and develop new
ways of doing business (NWODB) in the design, development, and procurement phases while serving as
a technological pathfinder for future lunar science hardware design. The NWODB'’s are described in
several NASA briefings.1-3

The LUTE is a 1 m class, fixed pointing declination, UV imaging telescope that can be placed on
the Moon by an unmanned lander as an early scientific payload (fig. 2). It could produce a multiple
bandpass (1,000 to 3,500 A) UV survey of more than 300 square degrees of the sky, with a resolution of
less than 0.5 arcsecond, and repeat observations at intervals to allow studies of stellar variability. The
concept of this high-resolution survey of the UV sky is proposed by the “Decade Report of the
Astronomy and Astrophysics Survey Committee.”# In addition, the LUTE concept is specifically
endorsed by the UV Missions Operations Working Group as the highest priority early lunar astronomical
instrument and by the Lunar Astrophysics Management Operations Working Group as an excellent
candidate precursor lunar science payload. Both working groups are sponsored by NASA’s Office of
Space Science and Applications.

Aperture
Cover
Removed

Elevation
Axis
Upper Lower
Rollring Rollring

Figure 2. LUTE in operational configuration, integrated with the lander, deployed on the lunar surface.
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1.4 Project Management

The LUTE Task Team was established to manage the development of the LUTE project. The
task team was given ground rules to use LUTE as a pathfinder project for new “small, fast, low-cost”
projects. These ground rules were (1) keep the telescope simple, (2) keep the cost low, and (3) keep the
development time short. Implementing this approach required NWODB within NASA. NWODB
applicable to LUTE include the following: extended phase B effort (including more early year funding),
early appointment of a project manager, concurrent engineering, reduced organizational complexity,
advanced design and configuration control methods, completion of preliminary design review before the
start of phase C/D, utilization of performance specifications, three project review gates before phase
C/D, the early use of breadboards to reduce phase C/D engineering changes, and utilization of a program
commitment agreement,

The LUTE Task Team was established approximately half-way through the phase A act1v1ty The
task team core was comprised of four full-time members: a manager, deputy manager, chief engineer,
and secretary. Approximately 15 full-time equivalent people (engineers, scientists, and program ana-
lysts) from Program Development, Science and Engineering Directorate, and the Safety and Mission
Assurance Office were utilized in a matrix organization to complete the phase A activity. The organiza-
tional interfaces worked smoothly, and resources were efficiently utilized for the LUTE phase A final
activity with this approach. The phase B activity will require some additions to the core group of full-
time team members and add1t1onal mamx support.

The LUTE phase A fmal effort under the task team was expanded to concurrently involve people
from other elements of the MSFC organization with hands-on hardware development experience. This
expertise was utilized to augment the special talent in Program Development for performing feasibility
studies. This resulted in development of LUTE phase A final products that are usually not available until
the phase B activity: draft LUTE level I and level II systems requirements document, lander systems
requirements document, preliminary project plan (appendix A), preliminary reliability plan, preliminary
safety plan, preliminary hazard analysis, and a preliminary project logic flow diagram have been pre-
pared as part of the phase A effort. These documents are some specific, tangible examples of 1nvolv1ng a
wide range of engineering disciplines in the project early enough to ensure that considerations are given
to all aspects of the project during its formative stages

A three-dimensional (3-D) electromc engineering drawing system was utilized during the LUTE
phase A final study to improve the analytical process. The drawings prepared by the assembly and
layout analyst were utilized by the thermal analyst, the structures analyst, and the pointing and control
analyst to evaluate the LUTE configuration. This eliminated the need for separate layouts for each
discipline’s analysis. Since the assembly and layout analyst made all changes in the layout computerized
drawings, there was assurance that all analysts were working on the same configuration. This
configuration was electronically transferred to the Visual Information Division at MSFC and utilized in
the development of an ammatlon of the LUTE mission scenario. Some of this same material was utilized
in the development of a “penny folder” on the LUTE project that was printed at MSFC using an
advanced reproduction process. The MSFC internal graphics and printing capability made an animation

and “penny folder” possible with severely limited LUTE funding.

This report outlines the mission science and educational criteria that were used for the phase A
activity, the reference design concept that resulted from phase A, the subsystem trades that were accom-
plished to develop the reference design concept, safety and mission assurance considerations, the project
schedule and cost estimates that were developed from the phase A effort, a summary of future work, and
conclusions that can be drawn from the phase A activity.
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2.0 SCIENCE AND EDUCATIONAL OBJECTIVES

2.1 UV Survey Characteristics, Expected Astronomical Capabilities and Progress

The scientific value of the LUTE will be primarily in its role as the first high-resolution astro-
nomical survey in the UV and far ultraviolet (FUV) regions of the electromagnetic spectrum. Although
there have been observations in this wavelength range, these have been mostly limited to spectra of
selected objects, with the targets chosen because of their interesting appearance in some other spectral
regime. There have been a few previous imaging surveys. Those with the Far Ultraviolet Space
Telescope (FAUST) and very wide field camera onboard Spacelab 1 had several hundred times less
sensitivity and spatial resolution than will be provided by LUTE. The ultraviolet imaging telescope
(UIT) on Astro-1 had comparable sensitivity to that projected for the LUTE, but the LUTE will have
approximately 3 times the spatial resolution and 10 times the spatial coverage (per year). In contrast to
these earlier surveys which sampled only nearby or extremely UV-bright objects, or objects in a fairly
restricted volume of space, the LUTE will furnish a statistical sample of the UV sources in the universe
as a whole. The value of such a sampling in this previously neglected region of the spectrum will be
immense, comparable to a celestial census. The worth of the LUTE as a survey instrument will also be
considerably enhanced by other complementary missions (e.g., Hubble Space Telescope (HST) and
Advanced X-ray Astrophysics Facility (AXAF)). The relative sensitivities of the instruments are entirely
appropriate for this use. Interesting objects can be identified from the LUTE sample, then examined in
more detail with longer observations by the other instruments.

The wavelength range planned for the LUTE, approximately 1,000 to 3,500 A, is of great interest
to astronomers because of the physical insight it gives into dynamic processes in the universe. Emission
at these wavelengths is characteristic of plasmas that are hotter than the surface temperatures of most
stars, Although many objects show a bit of UV emission, for something to be really bright in this regime
it must usually be dynamic, heated by some sort of energetic process. Examples are flares in the outer
atmospheres of relatively cool stars like our own Sun, or accretion disks of matter spiraling into black
holes. UV observations allow us to see directly into the heart of many astrophysical phenomena.

The LUTE is planned to be a 1 m f/3 imaging telescope. Operating as a transit telescope, the
LUTE will have fixed pointing, allowing the Moon’s rotation to move it along a ribbon of sky. Its field of
view (FOV) will sweep out a circular swath on the celestial sphere, 1.4° (1° unvignetted) wide, once each
month. The choice of power source will determine what fraction of this swath can be observed each
month. The use of solar arrays would restrict operation to approximately lunar daytime, i.e., at most,
about half of the circle could be observed in any given month. (There are other possible operational con-
straints which may reduce the observable fractions somewhat more, such as avoiding periods near lunar
sunrise and sunset during the lunar summer when direct sunlight might enter the telescope aperture. See
section 5.8 for a discussion of these constraints.) The use of a radioisotope thermoelectric generator
(RTG) would permit around-the-clock observations (subject to the other possible constraints). The total
annual coverage will exceed 300 square degrees, but the number of repeats of any given portion of the
swath will be larger with an RTG. Increasing the number of repeats is desirable for all of the science
objectives since combining the observations can dramatically increase the signal to noise. Science
objectives concerning time varying objects are particularly sensitive to the number of repeats. Figure 3
shows a map of the celestial sphere.5 The thin curved line represents the plane of the galaxy, and the
three labeled points correspond to the north and south galactic poles and the galactic center. The thicker
curved lines show two of the many possible survey strips for the LUTE. The upper one of these is the
preferred survey. Here, the lunar site and instrument pointing (selenographic declination +30°) have been
selected to include the north galactic pole in the observed area. It is desirable to have the swath approach
the galactic pole as closely as possible because the dense clouds of dust and gas within our own galaxy
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Figure 3. Celestial map.

obscure more distant objects; looking out the pole where our galaxy is thinnest will permit observation
of distant targets. This obscuration is not a simple function of galactic latitude; if operational or
hardware constraints (section 5.8) preclude pointing directly at the pole, it should still be possible to
choose the LUTE orientation so as to include suitable lines of sight out of the galaxy within the swath.
The approximate spectral range of the LUTE will be 1,000 to 3,500 A. This is to be covered in three
filter bandpasses, each about 800 A wide. Resolution of 0.33 arcsecond per pixel is planned. The point
source sensitivity at a signal-to-noise ratio of 10 for a BO star at 1,500 A is currently estimated to be V >

25 (after correction for reddening). The planned combination of sensitivity and spatial coverage ensure

that the LUTE will sample a statistically significant volume of the universe. Together with the expected
spatial and temporal resolution, this will enable the LUTE to contribute substantially to many current
scientific investigations. These include (but are not limited to) the following topics:

(1) Extragalactic Astronomy*

Imaging and morphology of distant galaxies: More than 106 galaxies will be imaged within the
annual strip. S R o

Galdky evolution: Regions of recent star formation can be identified from the pfesence of hot
young UV-bright stars. Star formation rate as a function of galactic redshift and morphological type can
be determined.

Search for gravitational lenses and lensed objects: UV-bright objects such as quasars (QSO’s)
can be detected at large distances and so are excellent candidates for lensing. The LUTE survey will
determine the frequency of occurrence of gravitational lenses. Combining this with the separation of the
lensed images gives an estimate of the mass density of the universe. '

L0 I o O A TN

IR R L TR R T

I 1 W T T



Search for cosmic strings: Special case of gravitational lenses—cosmic strings have been postu-
lated as “seeds” for the observed structure of the universe. One could search for clusters of identical
pairs of galaxies lensed by a continuous string to demonstrate the existence of strings or limit their space
density.

Distribution of extragalactic background light: How much of the UV background is diffuse or
discrete? Is it all composed of galaxies? Also map windows through “nearby” haze for intensive obser-
vation by other missions.

Active galactic nuclei (AGN’s) and QSO’s: The UV survey will find an entirely new sample of
these objects. The statistics of this population are of great interest. Monthly variability may be common,
resulting from occultation of the central broad-line region by dark orbiting narrow-line material. The
time scales of the variability can be used to determine the size of the regions involved.

(2) Galactic Astronomy

Measure motions of stars/kinematics of the galaxy: Repeated observation of the field will allow
derivation of proper motions at the subpixel level. A parallax program for stars at distances of hundreds
of parsecs can be initiated.

Discover and monitor interacting binaries: Detailed studies of cataclysmic variables, x-ray
binaries, V471 Tauri systems, and binary Wolf-Rayet systems will be possible.

Study of the interstellar medium (ISM): Supernova remnants (SNR’s) interact with the ISM as
they spread outward, heating and locally enriching it to enhance emission in the UV. Also reflection of
other radiation sources by interstellar dust (“reflection nebulae”) can be studied.

Discover and monitor variability of chromospherically active stars: Much flare energy goes into
UV lines, so the output variations of these stars will appear at high contrast. Monitoring of starspot
cycles analogous to the solar magnetic cycle may greatly enhance our understanding of the Sun’s own
dynamo. This is one area in particular where increasing the number of repeated observations (via an
RTG) could greatly enhance the science return.

Production mechanisms for white dwarfs: Stars just cooling to the white dwarf stage are strong
UV emitters.

(3) Solar System Astronomy

Distribution of zodiacal dust: This is constantly removed and replenished. Observations of proper
motion and parallax can define the circulation patterns.

Very early/late coma on comets and transient coma on asteroids: Water vapor and its dissociation
products can be easily detected.

The LUTE science working group (SWG) met during the course of this phase A study (March
18-20, 1993). One topic considered by the SWG was whether the telescope, which had served as the
basis for the early phase A, represented the best choice of design parameters or if the scientific return
might be enhanced by an alternate design. The early phase A strawman was the same telescope reported
here, a 1 m /3 telescope with detector pixels covering 0.33 arcsecond each. The specific alternative con-
sidered, within the constraint of the 1 m size, was a change to a telescope that would be slower (/9), but



have greater spatial resolution (0.11 arcsecond per pixel). This change would have some advantages.
There would be a significant improvement in the ability of the LUTE to accurately measure the positions
of objects (astrometry). Other objectives that could benefit from the increased spatial resolution would
be the studies of UV-bright stars within other galaxies and the studies of AGN’s and QSO’s, because of
the increased ability to discern the radial distributions of UV sources within these distant targets.
However, the group consensus was that more would be lost than gained by such a change. One negative
effect of the change would be a reduction in the area covered by the survey by a factor of three. This
would adversely affect the statistical value of the sample of all types of objects, but would be especially
bad for some of the rarer types, such as SNR’s or stars just cooling to the white dwarf stage. So few of
these might be found in the smaller survey strip that no general conclusions about the group could be
made at all. Furthermore, the studies of diffuse targets, the ISM, SNR's, and the UV background would
be severely curtailed by the reduced speed of the instrument. This is because there is a fixed nois¢ per-
pixel. Spreading the image of a faint extended object over more pixels (to achieve higher spatial
resolution) has the unfortunate disadvantage of adding more noise to the image. The conclusion of the
SWG was that the strawman parameters were optimal for the 1 m UV telescope.

2.2 Role in Education

In addition to its scientific goals, the LUTE has excellent potential as an educational tool. At the
graduate and undergraduate level, research involving the LUTE data base will differ from most astro-
nomical research. Traditionally, astronomers formulate a question, make observations with a (pointing)
telescope, then reduce and analyze the data. The LUTE survey data will be archived immediately, with
no individual data rights. Data bases of positions and varying intensities of cataloged objects will be
formed, allowing research to be done at the level of data access rather than telescope access. A scien-
tist/student can simply formulate a problem and begin accessing data. Problems of many types can be
attacked, including statistical analyses of various classes of objects and selection of specific targets,
either for intensive analysis of LUTE data itself (e.g., for time variation) or as candidates for follow-on
observations at other telescopes. This data base query system is designed to promote “lateral thinking”—
the interactive nature of commanding and graphlcally representing large data sets allows one to investi-
gate interesting phenomena as they appear in the data. This mode of operation opens up discovery space
to any user. Knowing that one could make an entirely unanticipated discovery enhances the excitement
of working in this way and encourages constant critical thinking. In particular, while the professional
astronomer with training in astrophysics, experimentation, and critical thinking has an advantage in dis-
covery, the student being trained in these and other aspects of physical sciences has a real possibility of
making exactly the same discovery. At elementary and secondary education levels, the LUTE data will
have a different sort of appeal. The complete public access to the data will make it possible for the data
to be received by schools in near real time. The excitement of seeing “live” astronomical observations
from the Moon should inspire many young scientists and engineers, and be the basis for spinoff lessons
in many different fields of physics, engineering, and astronomy.
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3.0 PERFORMANCE REQUIREMENTS

A preliminary project requirements document (PRD) has been developed by systems engineering
for the LUTE project. Ordinarily, project management would not initiate the development of a PRD so
soon, but according to NWODB, it is both prudent and cost-effective to begin generating such a docu-
ment, even as early as phase A. With that in mind, a comprehensive list of science and design require-
ments was compiled for the LUTE project. This preliminary PRD serves not only as a holding tank and
tracking device for derived system requirements, but also as a head start on an effort that would likely be
much more time- and cost-intensive if it were delayed until later in the program. These requirements are
written in a format that will lend itself to the development of an official document in the future.
Accordingly, these requirements have been organized using the prescribed format of the generic systems
requirements specification document, and even though the PRD is far from complete, it is fully capable
of evolving into a baseline document as the LUTE project enters new phases. These requirements,
though preliminary, helped to accelerate LUTE development by providing a clear requirements status to
the LUTE technical discipline leads early in the project. Requirements regarding science, materials,
mechanisms, optics, thermal control, structures, dynamics, power, command and data management,
software, weight and center of gravity (CG), mission analysis, and mission environments have been
included in the document and provide a reference point not only to the present development team but
also to any new team members. The PRD has been through several informal reviews to date and will
continue to be reviewed and updated as necessary.

3.1 Requirements Summary

The systems integration team joined the LUTE phase A Task Team in October 1992, and began
by generating a preliminary set of level Il LUTE systems requirements. These requirements were trans-
formed into a level II systems requirements document (SRD) according to NASA and MSFC generic
systems requirements documentation standards. This initial document included science, design, mission,
operations, and performance requirements which were derived from the overall LUTE scientific goals.
Consistent with the LUTE level I SRD, the level I SRD serves as the basis for lower level requirements
and also drives the development of support plans, interface documentation, specifications, and drawings
to be compiled in later phases of the program.

3.2 Level I Requircments

The level I SRD was prepared by the Task Team, but has not been baselined by NASA
Headquarters. A copy of this document is included in appendix B.

3.3 Level II Telescope Requirements Summary

The level I mission requirements of the LUTE (section 3.1) drive the telescope requirements at
level II and specify what kind of data are needed from a lunar-based UV telescope. The level 1I require-
ments are derived from them and specify the parameters that will keep the LUTE within the bounds set
at the highest level. For example, the requirements in section 3.1 indicate what kind of data are desired
from the LUTE, and the level II requirements define the lunar site selection criteria and landing orienta-
tion that will be conducive to obtaining that data. The system has been divided into two major elements:
the telescope and the lander that delivers it to the lunar surface. Together, these two major elements are
called the integrated payload and, for the sake of simplicity, they are treated separately at level II. This
method will allow the development of the two separate elements to proceed independent of each other



even though they perform as a connected unit for nearly all functional, mechanical, and operational
purposes. The level II requirements, which drive the telescope design, are addressed in this section. The
level II telescope and lander systems requirements are included in appendices C and D.
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4.0 LUTE REFERENCE DESIGN CONCEPT

The following sections describe the reference design concept to date. The design is derived from
requirements described in the previous sections, and supported by trade study results in the individual
subsystems areas. The trade studies, as described in detail in section 5.0, provided conclusions that were
incorporated into the following reference design. The configuration was generated using an integrated
design and engineering analysis software tool. The software consists of both solid modeling generation
and structural/thermal analysis tools. The software integrates these tools into one package with a com-
mon interface and a shared application data base. Geometric concepts and designs developed in the solid
modeling package were utilized by the structures and thermal analysis groups to aid in building their
finite element models. This integrated approach maintained a consistent configuration across engineer-
ing disciplines and was used extensively during the phase A analytical process.

4.1 System Description

The configuration design effort was directed toward a LUTE concept that would be compatible
with requirements imposed by the launch vehicle, lander, and overall performance of a lunar based tele-
scope. A reference concept was established after analysis and trade studies were conducted, examining
both physical and performance characteristics of each subsystem. A landing site of 66.5° north latitude
and 24.2° west longitude was selected to meet a number of site selection constraints and after numerical
thermal analyses had been done for 65° latitude. Some of the results described in section 5 refer to 40°
north latitude because initial studies were based on this latitude. An overall description of the LUTE ref-
erence design concept will be given in this section.

4.1.1 Objectives and Requirements for the LUTE Reference Design

In developing the reference LUTE design to meet the scientific objectives outlined in section 3,
goals were established to minimize the need for active thermal control and minimize weight. The LUTE
optical design was developed by D. Korsch. This compact design lent itself to the limited volume of the
Atlas I 3.3 m diameter payload fairing, which also houses the lander. Additional design requirements
were derived from the launch vehicle, accommodation of the optical design, optimum science return, the
lunar environment, the continuous operation of the telescope, structural efficiency, and thermal designs.
During the initial phase of the design activity, the LUTE payload was baselined to use the Artemis
common lunar lander. The Artemis concept, a generic lander to be launched on a Delta II vehicle, was
proposed by Johnson Space Center (JSC) as a cost-effective approach to delivering various payloads to
the lunar surface. After extensive study, it was determined that the Delta/Artemis vehicle was both '
performance- and volume-limited for the LUTE payload (see appendix E.) Therefore, a generic lander
was sized for use on an Atlas II launch vehicle. The lander provides a structural interface (identical to
Artemis) and a power interface for the RTG.

The harsh lunar environment created thermal control problems. It was desired to maximize the
operation time of the telescope throughout the day/night cycle. The radiators needed to have an unob-
structed view to deep space and also be located in close proximity to the heat source. Doing so would
maximize heat transfer and minimize weight. The detector, located in the plane of the secondary mirror,
required a cold environment. Lunar surface radiation impinging on the upper interior surface of the light
shade tended to heat the detector and the mirrors, causing nonuniform temperature gradients. One solu-
tion involved the use of solar baffles, another changing the site latitude, and the third was a combination
of the two. The omnidirectional and high-gain antenna, on the other hand, needed to be mounted near
the periphery of the telescope to preclude any view obscuration or obstruction. The lander could not
guarantee a specific landed attitude or orientation; therefore, the LUTE was required to provide roll and
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tilt capability to align the electronics box, high-gain antenna, and focal plane detector. This would be
accomplished automatically by a signal to the low-gain antenna to start the telescope activation. The ref-
erence configuration, as shown in figure 4, was strongly influenced by these considerations.

60.00°¢

5.75M

. 34M

i

LT TR ST |

! 4.72M -

Figure 4. LUTE reference configuration.
4.1.2 Primary Interfaces

The following two sections will cover the LUTE primary interfaces: the launch vehicle and the
lander.

4.1.2.1 Launch Vehicle

The LUTE/lander payload is designed to be Taunched on an Atlas II vehicle utilizing a Centaur
third stage. The 3.3 m external diameter payload fairing, with a 2.9 m diameter dynamic envelope,
determines the maximum outer dimensions of the LUTE/lander payload. The Atlas IT User’s Mission
Planning Guide is the reference used in determining the dynamic envelope, as shown in figure S. Itis
assumed that space vehicle primary structure first lateral modes are above 10 Hz and first axial modes
are above 15 Hz. These envelopes include allowances for payload fairing static and dynamic deflections
manufacturing tolerance, out-of-round conditions, and misalignments. Additional information on the
capabilities of the Atlas II will also be found in the guide.

’

12

TR

i

[ Y

(L RIS T [T .

1



3.84m
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391m

0.i8m
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330m
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142m
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Adapter (TBD)

Figure 5. Atlas-II 3.3 m payload envelope.

4.1.2.2 Generic Lander

A study was performed to determine the physical size of a lander required to accommodate the
LUTE. A four-tank lander configuration, with a single 4,000 N Marquardt gimbaled engine, was
assumed. Using a total propellant load of 1,650 kg of nitrogen tetroxide/monomethylhydrazine, each

3.06 m

tank would have volumetric requirements of 0.39 m3. The spherical domed tanks were located 90° apart

on a 1.82 m diameter circle. The body of the lander is an octagonal structure with the four legs located
between the tanks. An RTG is attached to one of the lander legs. The overall stowed diameter of the

lander stage is 2.70 m, with an overall length of 1.78 m. The lander provides 12 hardpoints, to be used
only for payload attachment. Six hardpoints are located on a 1.82 m diameter circle and the remaining

six are located on a 0.76 m diameter circle, as shown in figure 6.

Figure 6. Lander/payload interface hardpoints.
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4.1.3 Major LUTE Systems/Elements

The hardware tree, shown in figure 7, contains a first- and second-order subassembly breakdown
of the LUTE payload. Some of the elements are common to more than one system. Further subassembly
breakdown is provided in appendix F. The following sections define functional requirements and design
concepts for the major LUTE assemblies. Additional analysis and trade studies will be conducted to
determine the best ways of implementing design requirements.

LUTE
Telescope Assy
I
I T T I T 1
Main Optics Structural Thermal Poinling Telescope Data [ Etecirical
S: stom Support Control Control Protection Management Power
i Assy System System System System Syslem
Frnary ot H ot e Apsrture Transponder T
Mieror Plate System Mount Cover - Genarator
Ll  Socon Matort L Ll Articuiating Telescope Command Powar
W'g'ary Yruunq Osloctor Safing Delecior Distributor
Mirror
Tertia Secondary Supporting g Powesr
frinds ':'m"" H suarons Acadslion Diplexer Regulation
Optcs Light " Cenual
Detector Support L Vibration Cata 4  Cabing
Structure Shade || taciation and Unit
Adjustment Central
L] Wavelront . System
Sansoc Balfies Compuler
| Anlenna
Antenna
Orive
! Ay | Ersctronics
1 Ugnt Power
Shade Distributor
Electronics
Support Cabling
High Gain
Antenna
Figure 7. LUTE hardware tree. —
Antenna

4.1.3.1 Optics

The selected three-mirror system is shown in figure 8. The primary mirror diameter is 1 m with a
0.5 m central hole. The secondary mirror is 0.38 m in diameter with a 0.15 m central hole. The tertiary
mirror is 0.28 m in diameter and located in the same plane as the primary mirror. The focal plane detec-
tor is located in the same plane as the secondary mirror. The separation distance between the primary/
tertiary and secondary mirror is 0.65 m.
Ferward Ring

Secondary
Mirror Assy

Primary
Mirror Balffle

Metering Structure

Spider Primary Mirror

Tertiary Baffle

Base Plate

Tertiary Mirror

Figure 8. Optical bench assembly.
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4.1.3.2 Optical Bench Assembly

The primary function of the optical bench assembly is to hold the relative alignment of the optics
and detector within an allowable tolerance. This is accomplished by using thermally stable materials,
isolating the structure from the changing environment, and providing an articulating secondary mirror.
The spacing and attitude of the secondary mirror relative to the primary can be adjusted to compensate
for thermally induced motions. The design goal of minimizing thermal growth was incorporated to limit
the frequency and degree of adjustments. The major structural elements of the optical bench assembly
are mirrors, focal plane detector, light baffles, metering structure, and base plate support.

4.1.3.3 Baffles

The function of the baffles is to attenuate any stray light entering the optical bench assembly.
Baffle geometry is also specified by the optical design. The envelope dimensions of the optical bench
and relative locations of the baffles are shown in figure 9.

Main Baffle—The main baffle is a cylindrical shell with open ends having internal rings and
external longerons. The shell has an outside diameter of 1.08 m and overall length of 0.82 m. The aftend
of the shell is attached to the baseplate.

Internal Baffles—Truncated conical baffles enclose the secondary mirror, tertiary mirror, and the
focal plane detector. The secondary mirror baffle is attached to the hub ring supporting the secondary
mirror assembly. The tertiary mirror baffle is attached to the baseplate. The detector baffle is integrated
into the support structure for the detector.
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Figure 9. Optical bench envelope dimensions.
4.1.3.4 Metering Structure

The key function of the metering truss is to provide a stable support for the optics and focal plane
assembly. A single bay truss, with eight struts, spans between the base plate and the forward metering
ring. The truss assembly interfaces with the secondary mirror support spider. The truss length is 0.83 m,
with a diameter of 1.19 m. An alternate metering structure considered is a cylindrical shell structure that
also supports the secondary mirror via the spider assembly. The construction would be a closed shell
consisting of longitudinal stringers and formed rings.
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Spider—The reference design has the secondary mirror and focal plane assembly nested inside a
circular ring frame. Beams extend radially from this ring to the metering structure where all four are
rigidly connected. The four beams are arranged in a cruciform structure.

4.1.3.5 Baseplate i

The baseplate is the central structural element of the LUTE payload. It serves as the integrating
structure for the optical bench assembly, pointing system, and light shade. The metering truss, attached
to the forward side of the plate, supports the secondary mirror assembly. The primary and tertiary
mirrors are supported by the baseplate through flexure mounts. The aft end of the light shade and tertiary
mirror baffle are cantilevered from the plate. A motor and bearing assembly mounted on the aft side of
the baseplate provides £180° rotation of the LUTE about the optical axis for initial orientation after

landing.
4.1.3.6 Power System

The power system generates, regulates, and distributes the electrical energy output from the RTG
to the lander during its operational phase and then, after landing, to the LUTE. The power is distributed
to the electromechanical devices and avionics subsystems which perform the various spacecraft func-
tions.

When activated, the RTG produces power continuously, therefore, cooling provisions will be
required in the Atlas II fairing. Figure 10 shows the LUTE/lander stowed in the Atlas II fairing. The
RTG is located on one of the lander legs to maximize its distance from the optical assembly during
LUTE operation. The RTG requires a thermal isolator which is included in the phase A design concept.

LUTE Payload

| / Generic Lander

Centaur/Lander
Interface Adapter

A/ Centaur Equipment Module

Figure 10. Launch configuration.
4.1.3.7 Communications and Data Handling (C&DH)
The reference design C&DH system includes all the equipment required to manage the flow of

data to and from the LUTE and lander. This includes the receipt, processing, and execution of com-
mands; the storage and transmission of information from LUTE systems; and the routing of scientific
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data and subsequent transmission to the ground. The LUTE configuration was required to accommodate
the placement of a high-gain antenna, four omnidirectional antennae, and a standard complement of
C&DH components as defined in section 4.2.6.

High-Gain Antenna Assembly—The high-gain antenna dish is 0.46 m in diameter. The antenna
utilizes a double axis gimbal system to acquire and track Earth. Due to limitations in the lander design, a
specific attitude and orientation of the LUTE could not be assured. Therefore, the LUTE will provide
some means of initial alignment. This is accomplished by mounting the antenna assembly on a mast.
The mast is structurally attached to the light shade external ring frames.

Omnidirectional Antennae—Omni-antennae will be used for initial acquisition of LUTE. It is
anticipated that four omnidirectional antennae will be needed to ensure adequate pattern coverage. This
is necessary due to the uncertainty of landing orientation and the potential obscuration of the Earth from
the light shade. The exact location of the omni-antenna is subject to further analysis; however, it is
expected that they will be equally spaced around the lander periphery.

niegr. 1 nics Box—A major assumption in the study was the use of an integrated elec-
tronics box. It was decided that a single box containing the power, C&DH, and sensor electronics would
be easier to accommodate than numerous individual components. Also, many of the existing off-the-
shelf electronic components would have to be requalified or redesigned to sustain the harsh lunar
environment. The box, with dimensions of 0.3 by 0.6 by 0.15 m, is located on the north side of the tele-
scope. The electronics box is attached to a strut supported shelf, as shown in figure 11.

’1ﬁ\
High Gain Light Shade
Antenna
>
Optical Bench Assy

Integrated
Electronics
Assy

Upper Roll Ring

Figure 11. C&DH equipment locations.

The need to be located on the anti-Sun side of the telescope during lunar operation was dictated
by thermal control requirements of unobstructed view to space. The upper surface of the box served as
the radiator. Thermally activated louvers were included in the design of the radiator. Louvers are an
active element that have been used in different forms on numerous spacecraft. They can provide variable
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heat rejection from fully closed to fully open without any power consumption. A bimetallic spring actu-
ated rectangular blade (venetian blind) type was selected for the phase A concept.

It was assumed that the volume of the integrated electronics box would be equal to the summa-
tion of the volumes of the individual components. This assumption will be refined in phase B.

4.1.3.8 Mechanisms

LUTE cannot be launched in its operational configuration because of shroud envelope limita-
tions. To function, the LUTE must be placed in an operational configuration which includes articulation
to align the telescope to the proper declination. It may also be necessary to make fine pointing adjust-
ments to keep the payload functioning properly over its expected 2 year life. The mechanisms required
include those found on the telescope pointing system, aperture cover, high- gam antenna, and electronics
box thermal louvers. The telescope pointing system mechanism is discussed in detail in the guidance,
nav1gat1on and control section along with its operational function. The high-gain antenna and electron-
ics box thermal louver discussions are found in the C&DH section of the document. It is understood that
each time a mechanism is required to deploy or orient a device, a failure mode is created. Therefore, a
primary goal in the phase A was to minimize the number of mechanisms. This approach should be

retained in subsequent phases of the project.
4.1.3.9 Telescope Protection System

Aperture Cover—An aperture cover is required for protection of the optical system from con-
tamination entering the telescope tube. This could occur any time during shipping, launch, in transit to
the Moon, or after landing on the lunar surface. For this study, it was assumed that the hinge and latch
mechanisms are required to operate only once and are single fault tolerant. Various design options were
assessed (see appendix G). The detailed design of the deployment mechanisms would depend on how
the cover is to be opened. Also important is the interface between the cover and the telescope tube. The
presence of an O-ring seal could change or eliminate several of the methods for opening the cover.
Redundancy requirements and the need for multioperation mechanisms can also be major design drivers.
A hinged aperture cover provides not only a pivot point for the door, but also a good location to apply
the torque required for opening the door. Motor-driven hinges which feature high redundancy/reliability
would be suited for applications requiring repeated operation. They require thermal control and more
complex electronics than “one shot” schemes. The simplest concept for opening the aperture cover
would be a hinge with the required torque applied by a torsional spring, as shown in figure 12, This type
of configuration has flown in the past as a solar array deployment mechanism. The design is currently
being developed for AXAF-S. With proper design and materials selection, a similar design could be
adopted for the LUTE application.

If a passive spring hmge system is used, some method of controlling rate and/or stopping may be
required. This will help minimize disturbance of any dust that settles on the cover during landing and
prevent damage to the barrel section or other telescope parts. Candidate mechanism that limit rate
include torsional springs which oppose the motion, viscous dampers, friction brake, magnetic brake, or
eddy current damper. These are essentially passive devices that require no control other than initial
setup. Eddy current dampers have been used for many spacecraft and are to be used for AXAF-S. The
mechanism may need to be thermally conditioned to stay within its qualification range. A latching
system will also be required for the aperture cover. These latches will serve as launch locks and allow
opening of the door on command. If repeatability is required, a motor-driven latch system is preferred.
Appendix H shows a high redundancy motor-driven latch used on the HST. This type of system would
also require complex electronic and thermal control. For a “one shot” system, pyrotechnics provide an
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Torsion
Spring (2)

Tension
Caollar (2)

Boom
Housing

Set Screw (2)
Figure 12. Deployment mechanisms.

attractive system. Small pyrotechnic devices, such as guillotines, pin pullers, and nut separators, produce
very little shock and contain the gases from firing. Proper isolation can help attenuate the shock they
produce. Pyrotechnic latch systems have been used on many spacecraft and are to be used for AXAF-S
and most likely on AXAF-I. They are also relatively inexpensive, have built-in redundancy, and are well
proven. Paraffin devices were also investigated for latch design. Some of the same methods used for
pyrotechnic latch design (nut separator and pin puller) could also be used with a paraffin actuator. A
resettable nut separator qualified for space applications, and resettable paraffin operated latches are
available. These latch designs offer a very simple system with much lower shock loads than pyro-
technics. The main disadvantage of paraffin actuators is that temperature is the triggering device.
Paraffin devices would have to be thermally isolated or the high lunar temperatures would prematurely
activate them. For this reason, paraffin technology is not recommended for LUTE. Another possible
method of a latching/release system for the door would be thermal knives. The thermal knife system is
more expensive than pyrotechnics, but would produce less shock to the spacecraft. Additional informa-
tion on eddy current dampers, pyrotechnic devices, paraffin actuators, and thermal knives is given in
appendix H. In summary, the following configuration is recommended for the LUTE aperture cover:

Drive — torsional spring located at hinge line
Rate Control - eddy current damper
Latches — pyrotechnic nut separator.

Configuration of the LUTE aperture cover, required redundancy, repeatability requirements,
method of opening the door, acceptable levels of shock, available power, and thermal control will be
considered in phase B.

Light Shade—The light shade is designed to keep direct sunlight from entering the telescope

tube and impinging on the optical bench assembly. The light shade is an open-ended circular shell with
a diameter of 1.27 m and an overall length of 3.35 m. The forward end is sliced at a 60° angle with

19



respect to the horizontal. However, the angle of the slice is dependent on the viewing declination
selected. The shape is maintained with ring frames and longerons. The ring frames are external in the
region surrounding the optical bench assembly and internal elsewhere. The internal ring frames also
serve as baffles. The 24 longerons are located internal to the light shade and are equally spaced around
the circumference.

4.1.3.10 Reference Design Configuration Summary

The configuration effort concentrated on striking a balance between the diverse requirements and
evolving a concept that would be feasible and ultimately could be developed. The primary considera-
tions for the optimized design included limiting the weight of the LUTE, ensuring compatibility with the
lander, fitting within the Atlas-II launch vehicle fairing, satisfying the thermal control requirements, and
maintaining a high reliability while minimizing the complexity of the overall design. This optimized
design, shown in figure 13, would change as the design requirements change. Studies performed by JSC
indicate that the Delta-II launch vehicle, originally assumed for the lift-off to translunar injection, did
not have adequate performance to carry the launch weight of the Artemis/LUTE combination. Once the
Artemis took its share of the 2.9 m diameter Delta fairing, the volume left for the LUTE was marginally
adequate. Therefore, it was decided to utilize the Atlas-II Taunch vehicle. The additional performance
allowed the use of an RTG, giving virtually continuous operational capability. In addition, a dedicated
lander allowed the sharing of some common subsystems, eliminating duplication inherent in the
approach pursued previously. There also exists the possibility of a more efficient structural arrangement.
These changes, intuitively, would reduce the total mass that the launch vehicle would have to carry to
orbit.

Figure 13. LUTE configuration.

4.2 Suhsyﬂms_llwgn
4.2.1 Optical Configuration

The optical design of the LUTE was primarily driven by the requirement for a wide field-of-
view, which requires a three- or four-mirror telescope. A three-mirror system (fig. 14) was selected

because an additional reflection resulting from a fourth mirror would further reduce the throughput of
the telescope. Also, the location of the focal plane in front of the telescope, a result of the three-mirror
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configuration, is advantageous. While in most practical systems the focal plane is located behind the
primary, the location of the focal plane in front of the telescope has the added advantage of facilitating
the required radiative cooling of the detector array. The current optical design is a compact 1 m aperture,
three-mirror telescope with a field-of-view of 1.4° and a system focal length of 300 cm. The image
diameter is 7.4 cm. The back focal distance, i.e., length of the optical train between the tertiary and
secondary mirrors, is 65 cm. A more detailed discussion of the optical design and the trade studies
involved in the design of the optics is given in section 5.1.

PRIMARY

— PRIMARY
SECONDARY SECONDARY BAFFLE
TERTIARY BAFFLES

100cm

‘ . Y

65 cm—— >

IMAGE §

)
‘\/'

Figure 14. Optical layout.
4.2.2 Focal Plane Instrument

The focal plane instrument for the LUTE consists of an array of charge-coupled device (CCD)
detectors operated in a time delay and integration (TDI) mode, wherein the charge image is clocked
from column-to-column across the CCD’s at just the proper rate to remain synchronized with the optical
image (see section 5, fig. 47). This approach improves the faint-object sensitivity of the instrument and
at the same time eliminates the need for mechanically driving the telescope assembly to compensate for
the apparent motion of the stars and other celestial objects across the lunar sky. The focal plane instru-
ment, as currently envisioned, covers the UV portion of the spectrum from approximately 1,000 to 3,500
A in three bands of approximately 800 A each. There are two image sensors for each bandpass. These
sensors are physically separated on the focal plane. This layout of sensors allows measurement of short-
term variability of stellar objects. In addition to the UV detectors, visible band (optical) detectors are sit-
uated at the edges of the usable image area. These detectors are useful for assessing the overall per-
formance of the optical system and assist in the alignment of the telescope. A more detailed description
of the focal plane instrument and component elements is provided in section 3.2.

4.2.3 Baseline Structural Design

The following sections describe the individual structural components in the baseline LUTE
design. The structural trades and analyses supporting their design will be discussed in section 5.3 of this
report.

Methodology—The structural components were analyzed with a combination of hand calcula-

tions,® spreadsheet analyses, and finite element (FE) analyses with the - DEAS™ finite element
modeling (FEM) and model solution software codes. After each component was analyzed and a baseline
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design chosen, an integrated I-DEAS™ model of the structural components was assembled, primarily to
calculate natural frequencies for the combined structure. This section discusses the LUTE structural
requirements, mass estimate, primary mirror, mirror support structure, metering structure, optical
baffles, light shade, aperture cover, electronics box support structure, and baseplate. Stress and natural
frequency results for the integrated LUTE FE model are presented.

Results—Individual detailed component analyses and trade studies were completed and are
documented in section 5.3. Thermal deformations for the SiC optics were calculated and found to be
acceptable by optical analyses. In addition, the LUTE components were analyzed as an integrated whole
structural system. Natural frequencies for the combined structure meet Atlas ITAS requirements, and
computed launch stresses are safe from material failure. The mass estimate for the structural system is
122 kg. These analyses show that the structural system for LUTE is adequate and safe.

4.2.3.1 Requirements

To identify the requirements affecting the structural system, a functional analysis for the LUTE
structures was performed. Derived requirements are summarized in table 2.

Table 2. Functional analysis for structures.’-1!

Functions Requirements
+ Minimize mass Structural mass requirement not given
* Survive launch loads and vibrations nch vehicle = Atlas TTA

» Frequency: Istlateral mode > 10 Hz,
1st axial mode > 15 Hz.
» MaxLF = 6.0 g’s axial at BECO,
2.0 g’s lateral at BECO/BPJ.
+ System random LF’s = 2.1 g’s axial, 2.0 g’s lat.
« Component-level random load criteria = TBD.

¢ Survive lander loads and vibrations nder = med Artemi
« Interface at 2 hex. frames with 6 hardpoints each.

« Landing loads < launch vehicle loads.
 Frequency constraints = TBD.
» Random vibration loads criteria = TBD.

» Operate in lunar environment « Surface AT =93 t0 395 K.

» Optics AT = 65 to 265 K.

+ Minimum operating life requirement = 2 years,
» Contamination requirements = TBD.

* Minimize disturbances to optics: irror surface figure (requirements w. r
— Maintain dimensional stability + Vertical peak-to-valley deformation < TBD microns.
— Reduce thermal paths + Curvature deformation < TBD g radians.
— Minimize light blockage {Deformations supplied to Optics for acceptance)

* Assure adequate strength and safety + General safety factor = 1.4.

« Safety factor for glass analysis = 3.0.
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The structural design of the LUTE was primarily driven by two objectives. The first was to
minimize degradation of the LUTE optical performance due to thermal deformations. The second
objective was to minimize structural mass.

4.2.3.2 Structural Mass Estimate

A summary of the structural mass estimate for the baseline LUTE preliminary design appears in
table 3.

Table 3. Structural mass estimate for baseline design.

Component Material Mass (kg)

Mirror Support Structure

Flexures

— Primary Graphite/Epoxy 1

—  Secondary Graphite/Epoxy 1

— Tertiary Graphite/Epoxy 1

Launch Locks TBD TBD
Metering Structure Graphite/Epoxy

— Truss rods 11

- Spider 9

—  Secondary mirror housing 1
Optical Baffles Al2219

— Primary baffle 12

— Secondary baffle 0.5

— Tertiary baffle 1

— Science instrument 0.2
Light shade Al12219

—  Skin 11

—  Support frames 12

—  Skin stringers 14
Miscellaneous

— Power system attachment TBD TBD

— Electronic box support A12219 8

— Aperture cover Aluminum 15
Telescope Baseplate Graphite/Epoxy 24

Total 122

4.2.3.3 Primary Mirror

The LUTE primary mirror has an outside diameter of 100 cm and an inside diameter of 50 cm.
The internal mirror construction, as pictured in figure 15, consists of two faceplates, 3 mm thick, sepa-
rated by a 6 cm thick core of triangular cells. Each cell of the sandwich core is an equilateral triangle
with sides that are 5 cm in length and 1 mm thick. The mirror also has a 2 mm thick hatband around the
outer circumference. It is anticipated that the secondary and tertiary mirrors will have similar construc-
tion schemes, albeit with different geometric dimensions.

23



1 mm thick :
core walls — -l :

6cm

core
* thickness

*3 mm thick
face sheets

TOP VIEW SIDE VIEW

Figure 15. Primary mirror internal construction.

Mirror Material—Thermal deformations for three primary mirror candidates were analyzed with
I-DEAS™ 6.1 and are described in detail in section 5.3.4.3, with the mirror material trade study. From
that trade, SiC was selected as the baseline mirror material. Optical studies and trades also favored SiC

as the mirror material choice.

T L Wm0

4.2.3.4 Mirror Support Structures

Structural supports for the primary and tertiary mirrors connect these mirrors to the baseplate.
These supports must minimize stress and deformations in the mirrors during operation, by allowing the
mirrors to expand and contract in the thermal environment. A statically determinant support with three
bottom-mounted flexures, pictured in figure 16 and discussed in section 5.3.4.2, has been chosen as the
reference design for the primary, secondary, and tertiary mirrors.

AN

|

0

at 41.67-cm radially in Finite Element model

0=30° 0=150° ©=270°

Restrained 9z 0z 7
d.o.f.

Figure 16. Baseline primary mirror support.
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The three bottom-mounted support flexures were radially located at the neutral surfaces of the
three mirrors. The primary mirror’s neutral surface is at a radial location of 39.5 cm. Figure 16 shows
supports at 41.67 cm in the FE mesh because this was the closest nodal location to 39.5 cm. The tertiary
mirror’s neutral surface is at 9.9 cm radially, and the secondary mirror’s neutral surface is at 14.4 cm
radially.

4.2.3.5 Metering Structure

The metering structure supports the secondary mirror and the science instrument. Its primary
structural function is to maintain the focal distance from the primary and tertiary mirrors to the secon-
dary mirror and science instrument. The structure must have extremely small deflections and low ther-
mal expansion for dimensional stability during the lunar thermal cycle. Another objective is to minimize
heat transfer to the secondary mirror and science instrument by selecting materials with low thermal
conductivity and by reducing the number of heat conduction paths. Light blockage must also be
minimized so that the FOV of the primary and tertiary mirrors is not obscured. A picture of the metering
structure finite element model is shown in figure 17. The configuration is based on the design of the
HST’s metering truss.

3-D VIEW TOP VIEW
W "
83-cm

\Qf Truss rods [4_— 110-cm ———

Quter hub

QOutside
spider

Detector
housing

Figure 17. Metering structure finite element model.

Geometry—The diameter of the truss and outer hub were assumed to be 110 cm (the primary
mirror is 100 cm in diameter and the baseplate is 120 cm in diameter). The metering truss is 83 cm tall,
with 65 cm separation distance between the optics. The outer hub is 3 cm tall. The inner hub diameter is
40 cm and the detector housing is 14 cm in diameter. They are both 6 cm tall. The structural model was
one design iteration behind the configuration; the latest configuration has both the detector housing and
inner hub at 40 cm in diameter.

The metering truss tubes are 5 cm in diameter, with a 5 mm wall thickness. The outer hub thick-
ness is 2.5 cm, and the inner hub thickness is 6 mm. The outside spider thickness is 1.5 cm, and the
inside spider thickness is 1 cm. The sides of the detector housing are 1.5 cm thick, and the detector cover
is assumed to be 6 mm thick.

Materials—Graphite/epoxy is the reference material for the metering structure.
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4.2.3.6 Optical Baffles

The optical baffles block stray light from impinging on the LUTE mirrors. None of the baffles in
the baseline design are load-carrying. The baffles were assumed to be aluminum with a minimum gauge
thickness of 1 mm for the mass estimate. Hand calculations for the secondary and tertiary baffles predict
that the 1 mm gauge thickness will be sufficient to prevent buckling during launch.

4.2.3.7 Light Shade

The light shade blocks direct sunlight, earthlight, and lunar surface reflections from the optics. In
the current LUTE design, the light shade is mounted onto the baseplate. It does not support the optical
assembly but does support multilayer insulation (MLI), the high-gain antenna, aperture cover, and . - ..
electronics box. As a goal, the light shade should minimize vibrational transmission into the baseplate
and optical assembly during operations. The baseline light shade model is shown in figure 18.

Lightshade model

A

278-cm

88-cm

Figure 18. Light shade.
Geometry—The structural model of the 1ﬁﬁiight shade is 120 ¢m in diameter and 278 cm
tall, with 88 cm being the cylindrical section’s height. The skin thickness is 0.508 mm with 24 T-section
skin stringers attached to the inside circumference of the light shade at 15 intervals. The skin thickness

and number of stringers were determined from a trade study summarized in section 5.3.6. The spacing
between stringers is 15.7 cm. The geometry of the skin stringers is shown in figure 19.
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bf = 1.5cm l tf = 0.35cm
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Figure 19. T-stringer geometry.

The skin stringers act to increase the stiffness of the structural design. Likewise, one intermediate
7-frame is located halfway up the cylindrical section of the light shade to provide reinforcement for the
skin stringers to prevent column buckling. The Z-frame has 1.27 cm wide flanges, a height of 2.54 ¢cm,
and a web thickness of 0.254 cm.

In addition, two major frames, to be assembled with the light shade, have been identified as
necessary to increase stiffness and to provide structural attachments for the high-gain antenna, aperture
cover, electronics box, and potentially the power system. Both frames were assumed to be simple box
beams.

4.2.3.8 Electronics Box Support Structure

The electronics box support structure, shown in figure 20, is attached to the north side of the light
shade (the shortest side). The structure provides a stable support for the electronics box while maintain-
ing an open view to space for thermal radiative heat transfer. The support structure is an aluminum truss
consisting of a 1 cm thick electronics box shelf and 11 circular rods which are 1.25 cm in diameter.

FRONT SIDE - --

22cm 22 cm

22 cm

22 cm

30 cm

Aluminum

30 cm| 1 cm thick shelf

Truss with 11 circular rods.
Rods are 1.25cm diameter.

60 cm

Figure 20. Electronics box support structure.
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4.2.3.9 Aperture Cover

The function of the aperture cover is contamination control. Although a reference design has not
been selected, a mass estimate of 15 kg for an aluminum cover was derived by scaling the masses of the
HST and AXAF sunshade doors. This mass estimate is described in section 5.3.8.

4.2.3.10 Baseplate

The structural function of the LUTE baseplate is to provide support for the entire optical assem-
bly and light shade. It will also mterface  with the telescope mount.

Geometry—The baseplate is 120 cm in diameter in the structural model. It is modeled as a
honeycomb structure with two faceplates Internal dimensions for the baseplate construction have been
assumed to be identical to the primary mirror construction (fig. 15), pending detailed stress analysis.

Materials—Since the reference opucs are SiC, the baseplate has been modeled as graphlte/epoxy,'

in an effort to maintain athermalization between the optics and baseplate thermal growth.

4.2.3.11 Integrated Structural Model

After baseline designs for each component were selected, the components were incorporated into

an integrated FEM of the LUTE structural system. This model was used to calculate launch stresses and
normal mode dynamics.

Stress analysis—A linear statics stress analysis conducted with I-DEAS™/model solution deter-
mined that the reference designs and mass estimates for the LUTE structural components are reasonable.
Quasistatic loads of 6 g’s axial and 2 g’s lateral, represeming maximum launch vehicle loads on an Atlas
ITAS, were applied to the model. Table 4 summarizes the results of the FE stress analysw

Table 4. LUTE linear static stress analySIS with Atlas ITAS launch loads.

Max. Launch Allowable
Stress Strength Stress
Structure (kPa) Location (MPa) MS. Results

Integrated FE model 40,000 Metering structure. - - -
Baseplate -9,640 Above hexapod mount. 356.07 >20 Safe
Primary mirror 426 Outside and inside, near mounts. >1 - Safe
Metering structure

Spider 40,000 Attachments to secondary housing. 356.07 79 Safe

Truss -680 Near baseplate attachment. 356.07 High Safe
Light shade

Skin -18,390 At elec. box upper attach. 236.36 119 Safe

T-stringers -14,700 Near elec. box lower attach. 236.36 15.1 Safe
Electronics box support 12,170 Upper light shade attach. rods. 236.36 >20 Safe

SF=14
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Stresses developed in the LUTE structural components are safe from material failure, with high
margins of safety. Positive margins will be maintained for the structural system even if combined quasi-
static and random vibration load factors were to increase up to 53 g’s axially and 16 g’s laterally. For
some components, especially the mirrors and metering structure, stiffness and deflection requirements
will probably drive the structural design more so than the stress requirements. Buckling requirements
must also be considered.

Normal modes analysis—A normal modes analysis run with I-DEAS™/model solution deter-
mined that the reference structural design does not violate Atlas ITAS payload frequency constraints. A
summary of the natural frequencies analyzed for the LUTE structure appears in table 5.

Table 5. LUTE structural natural frequency.

Natural Frequency Violates Atlas I
Mode (Hz) Description Constraints
1. 20.8 Lateral (E to W) vibration of light shade conic section. No
2. 229 Axial vibration of light shade conic section. No
3. 237 Lateral (N to S) vibration of light shade. No
4, 36.7 (Pictorial output not obtained.) No
5. 38.5 (Pictorial output not obtained.) No
6. 38.9 (Pictorial output not obtained.) No

Atlas TIAS frequency constraints, listed in section 4.2.3.1, are that the first lateral mode must be
above 10 Hz and that the first axial mode must be above 15 Hz.

4,2.3.12 Conclusion

Individual detailed component analyses and trade studies were completed and are documented in
section 5.3. Thermal deformations for the SiC optics were found to be acceptable by optical analyses.
The LUTE components were analyzed as an integrated whole structural system. Natural frequencies for
the combined structure meet Atlas IIAS requirements, and computed launch stresses are safe from
material failure. Launch loads were the driving load condition. The mass estimate for the structural
system is 122 kg (with two TBD’s identified). These analyses show that the structural system for LUTE
is adequate and safe. It is assumed the RTG is mounted on the lander structure and, therefore, does not
affect the telescope structure. o

4.2.4 Electrical Power System (EPS)

The LUTE power system is based upon the use of existing design features and configuration of
the Galileo spacecraft RTG, as shown in figure 21. During the trade studies, a 150 W RTG, based upon
use of one-half of an existing design, was evaluated as a candidate power source. However, during the
course of the phase A final study, it became apparent that utilizing an existing 300 W RTG design could
supply the power needed during lunar descent and would offer to LUTE the capability of future power
growth. Location and characteristics of the existing RTG design are shown in figure 22.
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RTG EPS Characteristics

Telescope Power Capability (8o¢) 300 watt
EPS Mass

RTG 56.2 kg

. Regulator 12 kg

Landing Legs Distribution 10 kg

RTG

Figure 22. RTG EPS characteristics.
4.2.5 Thermal Control System (TCS)

The objective of the LUTE thermal control system is to maintain the primary mirror, optical
system, detector, and subsystem equipment within the required temperature range with minimum
expenditure of mass and power. In addition, thermal gradients in the primary mirror and optical system
must be minimized. Power availability is very limited. An RTG will be available to provide small
amounts of heater power during the night periods. Mass for the thermal control system is also very
limited since the LUTE is designed to be launched on a Delta or an Atlas vehicle.

4.2.5.1 Requirements

Specific requirements influencing the thermal control system are listed in table 6. The launch
vehicle selected defines the ascent and transit environment for the LUTE. Material selection and
degraded insulation and coating property assumptions must allow for the 2 year minimum useful life
requirement. The allowable temperature range and the maximum temperature differential for the optics,
which depend on the optics configuration, material, construction, and performance requirements, will be
defined after preliminary trade studies have been completed. The focal plane detector is an array of

Table 6. Systems requirements affecting the thermal control system.

Launch vehicle Adlas class vehicle

Lander Undefined

Useful life 2 years

Optics temperature range TBD, based on optical req./design
Optics maximum temperature differential Less than TBD

Detector temperature range 77 t0 210K

Detector heat rejection TBD, estimate 2 to 10 W
Detector temperature stability TBD

Electronics temperature range 22310398 K

Electronics heat rejection =90 W in subsystem box(s)
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CCD’s which has a temperature stability requirement as well as maximum and minimum operating tem-
perature requirement. The total heat load to be removed from the detector array is modeled at 10 W. The
LUTE electronics, which will be located in one or more boxes, have maximum and minimum tem-
perature requirements, as shown in table 6. Total heat dissipation for these items is estimated at 90 W.
Other components, such as motors and mechanisms, may dissipate small amounts of heat or require
some thermal conditioning. These are currently undefined and will be treated in later studies.

4.2.5.2 Environment

The LUTE must function properly in its operating environment on the lunar surface, as well as
withstand its handling and transit environments without degradation. Transit phase environments for the
Atlas IT vehicle were used to analyze the present design configutation.

Prelaunch—During prelaunch activity, the temperature within the payload fairing will be held
between 277 and 303 K, with a relative humidity at or below 50 percent.

Ascent—The payload fairing protects the spacecraft from aerodynarmc heatmg to a nominal alti-
tude of 113,000 m, during which the peak heat flux radiated by the inner fairing is less than 400 W/m? at
the warmest location. After fairing jettison, the maximum free-molecular heat flux is 1,135 W/m2. Solar
heating, Earth albedo and thermal heating, and radiation to the lander and upper stage are also present
during this phase. The heat flux from these sources is configuration dependent.

Transit—The thermal environment for the LUTE during transit from Earth orbit to the lunar sur-
face is dependent on payload configuration, orientation, and trajectory. Further definition of these
parameters will support a more complete analysis. However, the design impact of this environment is
not expected to be as severe as the lunar environment.

Qperating—The LUTE operating environment on the lunar surface is a more severe thermal
environment than that encountered by orbital space telescopes because the lunar surface acts as a heat
source during the lunar day and also complicates heat rejection by limiting the view to deep space. Surface
temperatures may vary from 85 to 390 K during the 14 day hot and cold soak periods, whereas the typical
30 minute dark period for an Earth-orbiting telescope results in much smaller temperature swings. In addi-
tion, Earth-orbiting telescopes have more flexibility than lunar telescopes to maintain a particular orienta-
tion with respect to the Sun. Telescope thermal interaction with the lunar surface is illustrated in figure 23.

(Absolule Zero Sink)
Solar
Radiation
Radiation o
Space i l

Lunar Surface
Infrared &
\ Reflected Radlahon

Figure 23. Heat sources and sinks for LUTE in the operating environment.

Sources during
daytime period
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4.2.5.3 Summary of TCS Reference Design

The LUTE reference design consists of the cylindrical light shade truncated at a 60° angle with
external MLI, heat pipes on the baseplate, and lower light shade to approximate the isothermal baseplate
and ring concept, separate primary and tertiary mirrors with three points, flexure supports, a northerly
location for the electronics box, and a louver/radiator system with heaters and MLI for electronics
thermal control. Thermal control of the detector is by a heater and radiator system. Insulation
thicknesses for the light shade and baseplate are described in section 5.5.3 of this document. The power
requirements for the LUTE thermal control system are 10 W during parts of the lunar day and night.

Table 7 summarizes the LUTE thermal control system mass. This estimate is based on the
dimensions of the components, as currently defined, and does not include any contingency factor. TCS
mass was estimated for a 1.25 m diameter light shade with a maximum height of 2.87 m and a shade
angle of 60°. The detector radiator mass is based on a 0.5 m diameter circular radiator. The subsystem
radiator and insulation masses are based on an electronics box with external dimensions of 0.6 by 0.33
by 0.15 m tall.

Table 7. Thermal control mass summary.

Component System
Component (kg) (kg)
Optical System 11.7
Heat pipe assembly 11.2
Thermal isolation 0.5
Detector TCS 3.5
Radiator 2
Thermal shield i
Heaters 0.25
Heat transfer device 0.25
Subsystem TCS 6.7
Radiator 3
Insulation 2.2
Coatings 0.5
Heater devices 1
Light Shade 4.9
Insulation 3.2
Coatings 1.7
Total 26.8

4.2.5.4 Summary of Thermal Analysis Results

The thermal model of the reference configuration consists of the LUTE with SiC primary and
tertiary mirrors, a light shade truncated at a 60° angle, simulated heat pipes on the baseplate and lower
light shade, and an RTG. Three-point supports are used for the mirrors in this model. The telescope is
located at 65° north latitude and is tilted to view at a 40° north declination. The RTG, simulated in this
model, generates 350 W of electrical power. The primary mirror temperature is plotted for one diurnal
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cycle in figure 24. The maximum mirror temperature is 173.5 K and the minimum temperature is 84.3

K, for a total bulk temperature swing of 89.2 K. The maximum predicted temperature gradient in the
primary mirror is 0.17 K, which occurs shortly after dawn. If the rapid temperature change, which occurs
in the 30 to 40 h just after dawn, is omitted (i.e., the telescope is not operated at that time), the maximum
predicted gradient over all other times is 0.06 K.

200

A TN

-
o
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Temperature (K)

-
o
o

\\__/

50 v - . -
o 110 220 330 440 550 660

Time (Hours from Dawn)

Figure 24. Primary mirror temperature (reference configuration).

The focal plane array, composed of CCD’s, is cooled by a radiator located forward of the sec-
ondary mirror. For the reference configuration and site, the array temperature can be maintained at or
below 190 K, even if the heat dissipation requirement is as high as 10 W. To control the rate of tempera-
ture change of the focal plane array, 10 W has been included in the budget for heaters. The electronics
box is mounted on the north side of the LUTE light shade after post lunar landing alignment and is
equipped with thermally actuated louvers on the top to prevent both overheating during the lunar day
and excessive cooling during the lunar night. As long as the equipment is operating, added heat will
probably not be required to maintain allowable temperatures during the lunar night, but 10 W heaters are
included to maintain minimum temperature within the box in case the telescope systems should be shut
down during the night. Figure 25 shows that the RTG will be located on one of the legs of the LUTE
lander. The telescope with the RTG on the lander was modeled to determine the effect of the RTG heat
load on the primary mirror. Because the telescope’s pointing direction relative to the RTG location is
unknown, mirror temperatures were calculated for an RTG located on the north and south sides of the
telescope.

Telescope

Landing Legs

RTG

Figure 25. The LUTE with RTG.
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Figure 26 is a comparison of the primary temperature results of an analysis without an RTG
versus those of analyses with an RTG. These results indicate that the RTG heat load reduced the bulk
temperature swing of the primary mirror by about 27 K, while only increasing the peak temperature at
lunar noon by about 5 K. Note that the results also show that the mirror emperature is not affected by
the location of the RTG.
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Figure 26. Effect of RTG heat load on primary mirror.
4.2.6 C&DH System

The C&DH subsystem for the LUTE will be required to collect, process, and transmit the science
and engineering data from the telescope to Earth. The C&DH subsystem will also provide communica-
tions with the LUTE for receiving and processing all commands from the ground station. Based on the
current focal plane instrument, the raw science data rate has been estimated to be about 2.6 megabits per
second (Mbs).

Because of power and antenna size restrictions, some method of reducing the transmission
bandwidth is necessary. Transmission of all the raw data is desirable; however, data compression is
necessary to reduce the transmitted data rate to approximately 200 kilobits per second (kbs). It will be
possible to preserve the highest information content of the data while using low-loss data compression.
The C&DH subsystem for this study has, therefore, been based on this 200 kbs transmitted rate. If the
data rate should increase from the baseline 200 kbs, some adjustments in the C&DH subsystem will be
necessary. A data rate increase will necessitate an increase in the output radio frequency (RF) power or
an increase in the antenna size or both. For example, a data rate increase to 400 kbs, now under consid-
eration, would require the RF power output to be doubled. Except for a minimal increase in transmitter
weight and volume, the impacts of increasing data rates to 400 kbs are not considered to be significant.
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With an RTG, the LUTE will be able to operate continuously while it is on the lunar surface,
which requires that the Earth be in view at all times to provide constant communication. This creates a
requirement on the LUTE site selection. The Earth subtends an angle of 1.8° at the lunar distance,
allowing coverage of the whole Earth without moving the telescope antenna. However, the Earth appears
to move in a 16° by 18" box over a period of 18.6 years, requiring periodic adjustment of the antenna as
the Earth changes position. Thus, the antenna for the LUTE is specified as a steerable parabolic reflector
with two degrees-of-freedom (DOF). Omnidirectional antennas will be provided for initial contact and
setup of the telescope. Another ground rule for this study was that the telescope and the lunar lander
would have independent, noninterfacing communication systems. When the lander is defined, an option
to share the omnidirectional antennas will be explored.

The NASA Deep Space Network (DSN) has been selected as the primary facility for receiving
the data from the LUTE. The DSN, operated by the Jet Propulsion Laboratory (JPL), is NASA’s largest
and most sensitive telecommunications and radio navigation network, The DSN has locations at Gold-
stone, CA; Madrid, Spain; and Canberra, Australia. Each complex consists of stations with large
parabolic dish antennas; these antennas have diameters of 26, 34, and 70 m. Each complex also has a
data processing center which is constantly manned and capable of receiving and processing signals from
several spacecraft simultaneously.

Due to weight and power limitations, the system has been designed with a minimum number of
components. Figure 27 shows a simplified block diagram of the LUTE C&DH subsystem. A typical
weight and power breakdown for such a system is given in table 8. Some weight and power savings may
be achieved by selectively choosing specific components at later phases of the study. Component
weight, power, and size will be influenced by the phase B design activity.

C&D Module Telescope
r T de Command ! [_> Telescope I
. ransponger Detector Commands
Omni - | | I
Antenna
<7 l Data | | |
Bus
Diplexer -
l Daia |1 |
Handiing
l Unit [ |
g1 i
CcCD'S
| — T 1] |
RF Amplifier I 1 |
Dish t #
Antenna Central l | |
Computer
I . I
A Dri Povﬂ
ntenna Drive Power < | l
| Electronics [ Distributor | TelescopeStatus |
———————1 Monitoring

*_ - - - - - - - L—_—— _ FOWOF_ - I '_ - - =

Figure 27. LUTE C&DH simplified block diagram.
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Table 8. LUTE C&DH subsystem equipment list.

Quantity Weight (kg) | Average Power (W) | Unit Size (cm)
Modul mponen
Transponder 1 6.8 18 36x11x25.2
Command Detector 1 1.4 10 3Ix10x15
Diplexer 1 1.0 - 5%15x%3
Central Data Unit 1 14.5 15 18x15x%12
Central Computer 1 14.5 15 22.7x17.8x20.3
Ant. Drive Elect. 1 23 10 3Ix4x1
Power Dist. 1 14 7 5x10x15
Structure and Cabling 1 6.4 = -
Subtotal 28.3 75
rnal Componen
Omni Antennas 2 1.0 - 3x3x30
High-Gain Antenna 1 23 - TBD
Antenna Mount 1 1.8 - -
Antenna Drive 1 32 _8 10Dx30
Subtotal 8.3 8
Total 36.6 83

4,27 Pointing and Alignment

The lunar site selection, the surface characteristics, and the capability of the lander, combined
with the focal plane alignment requirements, drive the telescope mount and mechanisms design. A
summary of alignment requirements and lander attitude capability is presented in this section.

As the Moon rotates, stars will track curved paths from east to west across the telescope focal
plane. The curvature of these paths is a function of the telescope line-of-sight declination from the
Moon’s equator (see sec. 5.2(2)). To ensure that a star path does not stray more than one-tenth of a pixel
in the north-south direction, the focal plane array orientation must be held to 14.6 arcseconds in the east-
west direction, for a device integration time of 883 seconds. The tilt alignment requirement for the focal
plane is specified by the sensitivity of star-path curvatures to declination misalignment; for a telescope
line-of-sight declination of 40°, the tilt accuracy is 5 arcminutes in the north-south direction. These
arcminute tilt and arcsecond roll alignment requirements on the focal plane array drive the pointing
requirements for the telescope. Although there are no east-west alignment requirements on the optics
due to its symmetry, the arcminute tilt requirement applies to the entire line-of-sight assembly.

Since alignment is critical for telescope function and the lander does not ensure any roll orienta-
tion after landing, the LUTE telescope mount must be designed to accommodate any roll or tilt errors.
The lander will provide a stable base after landing, so that the lander and LUTE will not tip over. The
LUTE telescope mount will have to provide alignment capability to accommodate £180° roll and a tilt
range for lunar slope, leg crushing, and surface rocks.

The telescope mount has three DOF (azimuth, elevation, and roll), and is composed of upper and
lower rollrings and two elevation actuators mounted on a support structure. Pointing system components
are identified in figure 28. The launch lock is a rotating support bolted to the upper rollring and is
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deployed after landing by either a pyrotechnic nut splitter or a pyrotechnic pin puller. A vibration isola-
tion and fine adjustment system will provide the periodic alignments necessary for disturbance compen-
sation. A Sun sensor mounted on the antenna bracket provides initial acquisition attitude information for
rolling and tilting the assembly before the aperture cover is removed. Alignment CCD’s on the edges of
the focal plane provide fine alignment sensing for both roll and tilt. A five DOF steerable secondary
mirror will provide focus and tilt adjustments for the three-mirror optics. A wavefront sensor for optical

assembly alignment is optional.

Alignment CCDs on -
Focal Plane

5 DOF Steerable
Secondary Mirror

Vibration Isolation
and Fine Adjustment
System
Three-Axis
Accelerometers

Upper Racering

Elevation Axis Assembly

Incremental Rotary
Actuators Hinged
Launch Lock

ower Racering
Assembly

Pinion Gear-
Drive

Trundle Assembly

Bearings

Figure 28. Pointing system components.

It was assumed that the lander would accommodate up to 12° of lunar slope on mature mare, with
a 3¢ landing error of 3 kg, and would sustain a maximum vertical velocity of 1.74 m/s and 1.53 m/s
maximum horizontal velocity.12 Parametric curves are available to estimate the leg stroke for landing
energy attenuation as a function of vertical velocity.!3 It has been assumed as a worst case that the legs
will permanently deform and shorten by the leg stroke. To determine the shortening of struts in the legs,
coordinates of strut hardpoints are needed. The dimensions of the lander were estimated from the
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engineering drawings. The coordinates shown in figure 29 were scaled from the 1.818 m diameter for
the hexagonal interface hardpoints.!3 The maximum deck-tilt angle occurs when one leg sustains all the
crushing. To estimate the deck-tilt as a function of attenuation stroke, the difference between pre- and
postlanding positions of the feet was determined, as well as the corresponding tilt angle for a flat deck.
Two cases were studied: one in which all crushing is sustained by the middle leg strut, and the other case
in which one side leg strut is crushed. These two cases are extremes, since leg crushing would most
likely involve permanent deformation of all three struts. Both of these cases are plotted in figure 30. A
crushed side strut produces the larger tilt angle, and for a maximum stroke length of 0.18 m, the worst
case deck-tilt is 1.9°.

(1.151,0.667,-0.470)

Dimensions based on 1.818m

. . . 7/ .
diameter for interface points (1.212,2.099,-1.636)

Figure 29. Artemis lander with estimated strut hardpoint coordinates.
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Figure 30. Deck-tilt due to one crushed leg.
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To provide a worst-case estimate of deck-tilt, the effect of one surface rock under an uphill foot
was included. Lunar surface rocks are discussed in a summary of Apollo and Surveyor data by Shoe-
maker and Morris.14 Surveyor sites 5 and 6 represent mature mare, and provide a worst-case estimate of
10 cm for large rock diameters. Shoemaker notes that this 10 cm is a maximum dimension, usually
parallel to the surface, and that rocks are generally one-half to one-third buried in the surface. Hence, a
maximum height of 5 cm is assumed for our analysis, and a worst-case estimate with one rock under an
uphill foot produces a deck-tilt angle of 0.79°.

Landing error also contributes to the amount of tilt required by the telescope mount to bring the
line-of-sight to zenith. Using a landing error requirement of 3 km (30) and a lunar mean radius of 1,738
km, a worst-case (north or south) tilt error of 0.1° was obtained. Addition of the identified errors gives a
worst-case estimate of 14.8° for the elevation range necessary for the telescope mount to point to zenith.
For a 66.5" latitude landing site and a pointing declination of 40°, the mount must provide a 26.5° tilt
capability from zenith. Therefore, adding all tilt requirements, a 41.3° capability is necessary.

Table 9 contains a summary of LUTE mechanism and alignment requirements, and identifies
components in the baseline configuration that nominally satisfy those requirements. The light shade,
high-gain antenna, electronics box, and optical assembly, including the detector, are all one unit that
rotates and tilts together. The assembly must be tilted so that the optical axis points south to a 40°
northern declination. The antenna base is aligned during preflight component integration so that it will

Table 9. Mechanism and alignment requirements.

Pointing Mechanism E:quiremems
Component Direction Range Accuracy Baseline Configuration

Light Shade

* Roll South +180° i’ Upper Roliring

* Declination (from lunar equator) 40° 42° +1° Lower Rollring, Elev. Actuators
High-Gain Antenna

¢ Declination 40° 42° 11° Lower Rollring, Elev. Actuators

* Elevation (above local horizontal) 31.2° 14.8°+{31.2°} 1° Elev. Actuators+{config.}

* Azimuth 153.9° +180° +1° Upper Rollring

¢ Tracking Earth (2°) +11° “half-cone” TBD High-Gain Drive
Optical Assembly

* Roll None None None Upper Rollring

» Declination 40° 4 15 arcminutes Lower Rollring, Elev. Actuators
Focal Plane Armray

* Roll E-W +180° +14.6 arcseconds | Upper Rollring

* Declination 40° 42° +5 arcminutes Lower Rollring, Elev. Actuators

(over 883 seconds
integration)
Steerable Secondary Mirror Primary Unknown Unknown Secondary Mirror Actuators
Mirror

Electronics Box

+ Roll North Unknown Unknown Upper Rollring

» Declination NA NA NA Lower Rollring, Elev. Actuators

{ } Implies that range requirement is met by a specific fixed configuration
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point at the correct declination above the lunar surface when the light shade is tilted to the 40° declina-
tion. An antenna drive unit will provide two DOF for tracking the 2° image of Earth as it moves within a
cone of approximately 11° half-angle. Range and accuracy requirements for the steerable secondary
mirror will be identified when a complete analysis of optical assembly deformations is available.
Requirements for the vibration isolation and fine adjustment system will also be identified when
disturbance characteristics have been determined. This fine alignment system will periodically adjust
telescope pointing to compensate for thermal warping of the mount structure and lander disturbances.

4.2.8 Mass and Inertia Summary
4.2.8.1 Mass Statement

The LUTE system mass statement (table 10) contains the masses for the optical system,
structural components, and supporting subsystems. The total system dry mass of approximately 400 kg
includes a 30 percent engineering contingency. If the RTG is included in the LUTE weight, the total
LUTE weight would be increased to 472 kg.

Table 10. LUTE mass statement.

(kg) (kg)
(w/o RTG) (w RTG)

Optical System

Primary Mirror (1 m diameter) 19.6

Secondary Mirror (38 cm diameter) 3.5

Tertiary Mirror (28 cm diameter) 2.3

Optical Baffles 13.7

Detector 5.0
Structural Support Assembly

Metering Structure 21.0

Mirror Support Structure 3.0

Telescope Baseplate 24.0

Electronics Box Support Structure 8.0
Telescope Protection System

Light Shade 37.0

Aperture Cover 15.0

Launch Locks 4.0
Supporting Subsystems

Pointing System 66.0

Electrical Power System (RTG) 22.0 (56)

C&DH 36.6

Thermal Control System 26.8
Subtotal 307.5 (363)
Contingency (30 percent) 92.2 (109)
Total 399.7 (472)
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4.2.8.2 Mass Properties

The mass properties of the LUTE system (fig. 31) were developed for the analysis of the launch
CG, the vehicle dynamics at lunar landing, and the telescope pointing. These properties are referenced
from the right-handed coordinate system shown. The system origin is located at the center of the lander
interface plane for the LUTE mass properties.

The CG location is important both at launch and during lunar landing. At launch, launch vehicle
performance is generally related to the CG distance above the separation plane. During landing, a low
CG produces greater landing stability. The lander for LUTE will accommodate the LUTE mass
properties.

Telescope Mass * = 400 kg
Telescope Center of Mass (from Lander interface)
x-c.g.=0.17m
y-c.g=063m
% z-c.g.= 0.00 m
- Telescope Moments of Inertia
Ixx = 322 kg m~2
Iyy = 240 kg m#2
1zz =419 kg m”2

37m

Lander interface

Y

L) .

Figure 31. LUTE mass properties.

* LUTE mass excluding RTG

4.2.8.3 Stability

The lander will place the telescope/lander assembly in an upright position on the lunar surface if
the center of mass remains within the lander footprint throughout touchdown. During landing, the land-
ing gears will crush and deform the footprint of the lander, tilting the lander deck and producing an off-
set of the lander/telescope center of mass from the footprint center. The composite telescope/lander
center of mass must remain within this footprint to ensure stability (fig. 32).

Assuming the lander has been balanced so that its center of mass is close to its centerline, the
14.7° tilt will shift the lander center of mass within the footprint a distance of 0.195 m from the center
out toward the edge. The telescope-mount elevation axis is offset from the telescope centerline by
0.199 m, producing a worst-case footprint offset of 0.517 m. The telescope assembly is rotated to the 40°
pointing declination, which when added to the 0.1° for landing site errors, provides an additional 26.6°
as a worst case, and shifts the telescope center of mass a maximum of 0.824 m in the footprint. The
composite telescope/lander center of mass is shifted 0.29 m from the center of the footprint in this worst
case. This offset is significantly less than the 1.209 m minimum distance for stability, and so the
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(a) Lander footprint, before and (b) Center-of-mass offset after landing
after crushing. and pointing to 40° declination.

Figure 32. Lander stability.

lander/telescope is in no danger of tipping over if the lunar slope is less than 12° and the landing
conditions do not exceed the lander design requirements. Dynamic stability is a function of the landing
gears ability to absorb energy and to reduce the transfer of landing energy into oscillations or bouncing.
Landing dynamics will be analyzed in phase B. '

4.2.9 LUTE Software

The LUTE software reference design will require seven major systems: flight software, science
software, electrical ground support equipment (EGSE) software, development and verification software,
simulation software, operations software, and sensor data base software.

The flight software will be designed and implemented primarily for command and data manage-
ment. Flight software will also be responsible for the health and welfare of all the flight subsystems.such
as environmental control, optics calibration, electrical power management, dynamics and pointing con-
trol, vehicle interfaces, and system safing. This software will have the capability for onboard loading and
dumping of the flight computer memory from the ground control center.

The science software will consist of requests to command science data requirements and receive
telemetry for data processing and display. Science software will also be designed to retrieve ephemeris
and basic science data. This software will reside in the LUTE operations center facility.

The EGSE software will be designed, developed, implemented, and utilized for test and checkout
of the flight C&DH hardware and verification and validation of the LUTE software. EGSE software will
consist of acquisition, processing, and display capability of the LUTE commands and telemetry. Space-
craft integration launch and lander vehicle interface software will also reside within the EGSE system.

The development and verification system for the LUTE software will be used to automate, as
much as practicable, the design and documentation of software test procedures to maximize benefits
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from emerging technology. This system will also be utilized to support flight and EGSE software devel-
opment and unit test. Software documentation will also be a function of this system.

Software simulation can be implemented as a means for LUTE subsystems modeling and vehicle
interfacing. The C&DH function of the LUTE can also be simulated by software. The software simulator
will serve as a very important function for flight software verification and for training personnel for the
operational concepts of LUTE.

The major functions of the operations software will be timeline management, telemetry acquisi-
tion, LUTE commanding, processing, and display of telemetry. Operations will be responsible for data
archive and playback of the timeline data.

Sensor data base and generation will be contained in a separate facility. This system will also be
responsible for engineering measurement identification and data base configuration control.

LUTE design requires that the downlink data be transmitted as low as 200 kbs in a compressed
data stream. This will require that all of the ground support systems have a data processor with the
capability of sorting the data and processing the portion required to support other individual functions.
The LUTE, lander, and launch vehicles will utilize the same uplink and downlink data streams. This
does not present any foreseeable problems for the defined LUTE software. For more details of the LUTE
software, see section 5.0.

A functional diagram of the relationship of these major systems is provided in figure 33. The
vertical dashed line on this figure identifies a functional interface between the onboard software and the
ground/flight operations software.

]
! SENSOR
FLIGHT ! DATA
SOFTWARE  +— ' BASE
i
i
LUTE I
DEVELOPMENT C&DH ! ]
AND PROTOTYPE gg?;;fcg ' | oPERATIONS
VERIFICATION ! SOFTWARE
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|
[
I
EGSE : S DATA(.:E
b TN
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Figure 33. LUTE software functional configuration.
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4.3 Mission Operations

NASA will provide for the necessary facilities required to operate the instrument from the
ground for the operational period of the LUTE. The LUTE and the operations facilities will be devel-
oped for use by the scientific, engineering, and educational communities. The capabilities of the opera-
tions center will include services which will allow ground controllers to monitor engineering and scien-
tific information from the instrument and distribute scientific data. Ground controllers will also have the
capability to command the instrument. It is desired that all LUTE information be made readily available
to the public. The operations center will have a substantial capability to provide scientific and engineer-
ing information to individuals and institutions. NASA will select a location for the operations of LUTE
based on several factors. It is desired to draw upon existing resources of the NASA infrastructure along
with scientific and educational institutions in developing the operational facilities for LUTE. It is in-
tended that these facilities be designed and developed to be operated and maintained by the scientific
and educational community. An institution with a vested interest in the instrument performance and
science return will serve as the operations center for LUTE. A plan will be developed to dictate mission
operations in order to ensure that the mission goals will be accomplished. NASA will be responsible for
the development of this plan consistent with NASA policy and with guidance from the scientific com-
munity. A draft of this plan is included as appendix L

4.4 LUTE Lunar Environment Instruments

A large data base on lunar environmental conditions has been assembled through remote meas-
urements and by instruments carried on unmanned Iunar landers and the Apollo missions; however,
there are many areas in which the data are either insufficient or lacking. The design of future lunar tele-
scopes, rovers, and lunar bases would therefore benefit substantially from further data on the lunar
environment. In addition, analysis of the science and engineering data returned from the LUTE telescope
could be aided by a detailed knowledge of the environmental conditions to which the telescope and its
subsystems are subjected. Design of the LUTE mission should therefore consider incorporating a lunar
environmental monitoring package which would ride along on the LUTE lander platform, would be
deployed on the lunar surface, and would operate in conjunction with the LUTE power and telemetry
system.

Researchers at the New Mexico State University have suggested such an environmental monitor-

ing system. A group of four instruments to monitor the lunar environment has been outlined and is cur-
rently under study at New Mexico State University.

The instruments are as follows:

(1) Micrometeorite Detector—Detect and determine the velocity vector and mass of micromete-
orites up to 100 mm in diameter.

(2) Dust Detector/Deflector—Incorporate a charged dust deflector into the design of the LUTE
telescope and characterize the local, time-varying dust conditions. Determine particle sizes of dust and
local natural electric field variations.

(3) Lunar Atmosphere Detector—Determine the composition and time variation of ionized
atmosphere components using a ion mass spectrometer.

(4) Cosmic Ray Detector—Determine the rate and energy distribution of cosmic rays using a
stacked-detector instrument.
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These instruments would be mounted on a common pallet with the LUTE telescope and would
share power and communications with it. The micrometeorite and cosmic-ray detectors should be
mounted high enough to see a full 2 x steradians view of the sky without blockage by the telescope. The
instruments are expected to operate over the full 2 year lifetime of the LUTE telescope. Preliminary
estimates of instrument parameters are approximately 30 kg, with a volume of 0.05 m3 and a power
requirement of about 20 W,
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5.0 SUBSYSTEM TRADES

The subsystem trades, identified by discipline in the following paragraphs, provide the background
of activity that led to the LUTE phase A final design concept described in section 4.0. These trade studies
are recorded as an indication of the options that have been investigated and evidence of the thoroughness
with which the feasibility of LUTE has been explored. These data are shared with the intent of providing a
stepping stone in analyzing hardware that will eventually be placed on the lunar surface.

5.1 Optics

The optical design of the 1 m aperture LUTE was derived from the design of a 2 m aperture LTT.
The optical configuration of the LTT, as well as the LUTE, was primarily driven by the requirement for
a wide FOV. Two-mirror telescopes of the Cassegrain as well as of the Gregorian configuration can only
be corrected for spherical aberrations, specifically astigmatism and field curvature, limiting the high
resolution field to no more than a few arcminutes. Furthermore, the use of a refractive corrector, which
might solve the FOV problem, would result in a major reduction in throughput and severe limitation of
the spectral range; the only available option is a multimirror system. Satisfactory performance can be
obtained with both three- and four-mirror designs.

There are two important differences between three- and four-mirror systems. The first, and most
obvious, is the number of mirrors and, therefore, also the number of reflections. The second is the loca-
tion of the focal plane. While in most practical systems the focal plane of a four-mirror telescope is
located behind the primary, the focal plane of a three-mirror system is located behind the secondary.

Because of higher throughput and greater simplicity, the three-mirror configuration was selected
as the candidate concept for the LUTE, as mentioned in paragraph 4.2.1. The location of the focal plane
in front of the telescope has the added advantage of facilitating the required cooling of the detector
arrays. The basic configuration of the LUTE optical system and its dimensions are shown in figure 34.
Additional design parameters are given in paragraph 5.1.1. The secondary and tertiary baffles, which are
for an unvignetted circular field of 1.4°, are indicated in figure 34, which also shows a full-field ray
trace. An exaggerated illustration of the geometric distortion in the focal plane is given in figure 35.
Preliminary performance optimization and analysis indicates that the residual aberrations at the edge of
the FOV can be reduced to less than 1 mrad.

A
PRIMARY

SECONDARY SECONDARY
TERTIARY BAFFLES
100cm

PRIMARY
BAFFLE

IMAGE §

l—————— 65 cm—

Figure 34. Primary and secondary baffles.
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Figure 35. Geometric distortion in the focal plane.

Of all the problems to be expected when moving into a new and unknown territory, attaining and
maintaining the desired optical performance in the harsh lunar environment is one of the major concerns.
Apart from the dust that could contaminate the mirror surfaces, if not properly protected, the extreme
temperature fluctuations between lunar day and night place the optical performance of the telescope in
serious danger. To analyze this problem, two different aspects of temperature variation are considered.
First, there is a temporal change of the average uniform or base temperature; and second, there is a
spatial difference, or temperature gradient, which is particularly detrimental when any of the three

mirrors that make up the telescope are affected.
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Since a change in the base temperature only changes the size of the components (i.e., the vertex
radii of the mirrors, but not their shapes), excellent performance restoration can be achieved, even for
temperature changes of 100 K or more, by simply readjusting the mirror separation. A special case
exists, if the entire optical system, mirrors as well as structural components, is fabricated from the same
material. A uniform scale change without affecting the optical performance is the result, as long as all

the mirrors attain the same temperature.

o
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A more complicated problem is that of temperature gradients. Even though the telescope will be
thermally isolated, some residual gradients may be present, and the resulting wavefront error, induced
by the surface deformations, must be corrected. Performance restoration can no longer be achieved by a
simple realignment. This problem requires the use of adaptive optics; at least one of the mirrors must be
deformable in a controlled fashion to compensate the figure errors of the other mirrors. Since the tele-
scope system is by design aplanatic (corrected for spherical aberration and coma), it would take at least
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two deformable mirrors to maintain aplanatism. As will be shown later, use of adaptive optics was
avoided by minimizing mirror thermal gradients. The goal is to find out which of the three telescope
mirrors would make the most effective corrector by first introducing the optical design of the LUTE.

5.1.1 Telescope Design

A diagram of the LUTE is shown in figure 4. Because of phase A weight and space limitations,
compactness was an important design consideration. Primary and secondary baffles were configured to
prevent outside radiation from reaching any point of the 1.4° image field either directly or after only a
single reflection. The root-mean-square (rms) spot diameter is 1 mrad at the edge of the field and smaller
everywhere else. A summary of the important LUTE design parameters is given in the following:

Primary Diameter 100 cm
Primary Hole 50 cm
Secondary Diameter 38 cm
Secondary Hole 15cm

Tertiary Diameter 28 cm

Image Diameter 7.4 cm
PrimaryVertex Curvature —-0.00500000/cm
Secondary Vertex Curvature  -0.01135531/cm
Tertiary Vertex Curvature -0.00295858/cm
Image Curvature +0.0062/cm
Secondary Distance -65 cm

Tertiary Distance +65 cm

Image Distance -65 cm

System Focal Length +300 cm.

The surface equation for the three mirrors is:
z = h2c/[1+(1=(1+8) h2c2)05]+Ac6hS+ACBR® .

The conic constant, &, and the aconic coefficients, Ac6 and Ac8, for the three surfaces are sum-
marized in the following:

) Ac6 Ac8
primary —1.2241 +2.067E-14 +1.5E-18
secondary ~3.7020 +1.400E-11 0
tertiary ~66.750 +2.500E-11 0

5.1.2 Figure Error Correction Using a Deformable Mirror

To determine which of the three telescope mirrors is best suited for the correction (as a deform-
able mirror), the following computer experiments were carried out: a surface deformation was intro-
duced to one of the mirrors until a noticeable performance degradation was observed, then each of the
other two mirrors were reconfigured alternately until system stigmatism was restored. The measurement
for the state of correction is the geometric rms spot size on and off axis.
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For the purpose of this preliminary study, only axially symmetric surface deformations were con-
sidered. In practice, asymmetric deformations are not only likely to occur, but can also be corrected as
long as magnitude and spatial frequency are compatible with the range and the density of the actuators
that drive the deformable mirror.

The surface deformations were introduced by changing the conic constant of the respective
mirror. To distinguish between a positive and a negative deformation, the sign of Ad must be observed.
A positive Ad causes an increased edge bending, while a negative Ad causes a decrease or flattening of
the surface. Since positive and negative deformations affect the system aberrations differently, both
cases were considered separately.

A speciai pfogram is used to determinewthe Shapé of the deformable mirror. This program is
based on the method described by D. Korsch in “Reflective Optics.”!> With two mirror surfaces given,
this program automatically finds the shape of the third deformable mirror, the corrector, to render the

system rigorously stigmatic.

The results of these computer experiments are represented in figures 36 through 41. Each graph
shows the state of correction of the system with one of the three mirrors deformed before and after
correction, using alternately each of the other two mirrors as correctors. Each graph also shows the ideal
or design performance for comparison.

The amounts of deformation introduced were A8 = +0.0021 for the primary, Aé=$0.011 for the
secondary, and Ad = £1.0 for the tertiary. The edge bending caused by these deformations was £2 um
for the primary and the secondary, and £10 pm for the tertiary.

Most noticeable in every graph is the comparatively weak influence of tertiary deformations on
the system aberrations. It takes significantly stronger deformations of the tertiary than of the primary or
secondary to cause a comparable image degradation. On the other hand, the tertiary is the most ineffec-
tive corrector and is therefore least suited as a corrective mirror. The effectiveness of the primary and
secondary mirrors are about equal, and the practical considerations will determine the final selection.

5.1.3 Effect of Bulk Temperature Changes on the Performance of the Optical Telescope System

During operation of the LUTE on the lunar surface, the primary, secondary, and tertiary mirrors
will cool to temperatures far below those experienced during mirror fabrication. Temperatures will range
from approximately 80 K (-193 °C) at lunar sunrise to 260 K (13 °C) at lunar noon. No known mirror
material has a zero coefficient of thermal expansion (CTE) over such a large range of temperature. Even
materials such as Corning’s low expansion ULE titanium silicate, which has a near-zero CTE near room
temperatures, exhibit a positive CTE at much lower temperatures.

The combination of nonzero CTE and the wide tempefature rarige that the LUTE will experience
will lead to changes in the shapes of the mirrors, which will affect the imaging characteristics of the
telescope. The purpose of this note is to document the effect of thermally induced changes in mirror
shape.

It should be noted at this point that variations in temperature will cause dimensional changes in
virtually all of the structural elements of the LUTE, not just the mirrors. For instance, the metering
structure will change length as the temperature decreases. This will affect the performance of the LUTE.
Dimensional changes in the supports for the mirrors can be manifested both as a displacement of the
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Figure 36. Primary figure error (positive deformation).
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Figure 37. Primary figure error (negative deformation).
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Figure 39. Secondary figure error (negative deformation).
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mirror away from the nominal position, and as a mechanical distortion of the mirror, if the forces are not
isolated by the use of an appropriate mount-ing scheme that supports the mirror in a stress-free
condition.

The thermal distortion of the LUTE mirrors can be divided into two cases: so-called “bulk”
temperature effects and effects caused by temperature gradients across or through the mirrors. Bulk
temperature effects will be considered first, since they are simpler to understand.

Bulk effects arise from temperature changes of the entire mirror substrate, hence the term “bulk.”
A two-step process is used to assess the effect of bulk changes on the optical performance. First the
effect on mirror shape is determined, then this result is used to assess the impact on overall image
quality. Also, this procedure does not admit to any inhomogeneity in the CTE.

Effect ng Mirror Shape—In general, any conic section (the curve resulting from the intersection
of a plane and a cone) can be described mathematically by the following equation:
pr?
z(r)= . (5-1)
1+ 1-(1+k)p?r?

where

p = vertex curvature = 1/R

r = radial coordinate =/ x2+y?
k = conic coefficient
z(r) = sag (vertical displacement).

The coordinates used here are those of a right-handed system with the optical axis oriented along
the z-axis of the coordinate system, '

The conic coefficient k determines the type of surface (sphere, parabola, ellipse, or hyperbola).
The range of values for each of these types of surfaces is listed as follows:

Conic Coefficient T'vpe of Surface

0 Sphere
-1<k<0 Ellipsoid
-1 Paraboloid
<~1 Hyperboloid

It is possible for k to be positive. In this case, an oblate ellipsoid is obtained, however this surface
is not a conic section. For the LUTE, all the surfaces have conic coefficients <1, thus all the surfaces

are hyperboloids.

When the temperature of a piece of material changes, in general its dimensions will change as
well. Let o denote the ratio of lengths at the two temperatures. Define two new variables r “ and z”,
related to r and z by r’ = ar and z” = oz. Substituting these expressions into the equation of the surface
and doing a few lines of algebraic rearrangement, the following result is obtained:
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’ 12
)= P (5-2)
1+y/ 1-(14k) p"2 7
where p’ = p/a.

The effect of contraction (or expansion) of the mirror substrate material is to change the vertex
curvature without any effect on the conic coefficient, so that a parabola remains a parabola, a sphere
remains a sphere, and a hyperbola remains a hyperbola with the same conic coefficient.

To apply this result to the LUTE optical system, it is first necessary to determine the change in
curvature of each of the mirrors. This will be a function of the total expansion of the mirror substrate
material. The results are summarized in the following:

Element Design Vertex Radius (¢m) Beryllium ULE

o 0.99875 1.000020
Primary +200.00 +199.75 +200.004
Secondary -88.064 -87.9539 —-88.0658
Tertiary +338.00 +337.5775 +338.0067

5.1.4 LUTE Sunshade/Light Baffle
5.1.4.1 Methodology

The primary tool used for stray light analyses of the LUTE was the APART™ computer code
from Breault Research Organization. This code is the industry standard for straylight analysis. However,
the code requires a more detailed description of the system being analyzed (optics, baffles, vanes, etc.)
than had been defined during the phase A effort. Therefore, in order to complete the analyses, some
assumptions were made, such as the size and shape of the truncated conical baffles, the absorptive
coatings used on the baffles, and the surface finish of the mirrors.

5.1.4.1.1 Baffle Design

The truncated baffles were designed to reduce the maximum amount of straylight without block-
ing any of the desired signal radiation. The main baffle is a right circular cylinder with 4 cm deep baffle
rings spaced 10 ¢m apart. It is located around the outside of the primary mirror. The truncated conical
baffles are the secondary, tertiary, and detector baffles. These enclose the secondary mirror, tertiary
mirror, and detector, respectively. The dimensions of these baffles (cm) are summarized in the
following:

Baffle Inner Base Radius  Quter Base Radius  Tip Radius  Height
Main 50.00 50.00 50.00 65.00
Secondary 19.25 20.00 24.21 10.75
Tertiary 18.66 18.66 16.28 34.32
Detector 6.00 7.50 6.48 18.38
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The orientation of the baffles and mirror surfaces are shown in figure 42,

Main Bafﬂ\
Baffle

Secondary

Figure 42. Baffle designs for LUTE.
5.1.4.1.2 Baffle Coating

Two coatings from the APART™ library, IITRI, and Ebinol C, were evaluated as candidates for
coating the baffles. ITTRI is an experimental conductive black coating developed by the Illinois Institute
of Technology Research Institute. It consists of a silica-graphite pigment in an elastomeric silicone
binder. Ebinol C is produced by a process that makes black cupric oxide coatings on copper and on
copper alloys containing 65 percent or more copper. Ebinol C is chemically and thermally stable, while
ITRI has been reported to have problems with debonding. The Ebinol C performed better than IITRI in
absorbing stray radiation,

5.1.4.1.3 Mirror Finish

One of the most important elements in any stray light evaluation is the surface finish of the mir-
rors, typically expressed in terms of the bidirectional reflectance distribution function (BRDF). A BRDF
was assumed such that the magnitude was 0.001 at an angle of 0.57°, with a roll-off exponent of —2. The
BRDF at other angle is given by

BRDF = 0.001*((3-f,)/0.01)-2,

where f§ and [ are the direction cosines of the position vector of the observation point and the position
vector of the specular reflection vector. Alternatively, ff and B, can be defined as the sines of the angles
of observation and reflection with respect to the surface normal. The values assumed for the BRDF are
values typical for mirrors with “normal” levels of contaminants.

5.1.4.2 Results

To reduce the amount of stray light in a system, the primary sources of light scattering must first
be determined. The most effective and practical way to do this is to determine the critical objects and
illuminated objects. Critical objects are those objects which the detector can “see,” either directly or
through a mirror. For the LUTE design, the critical objects are the mirrors, the detector conical baffle,
the inside of the secondary and tertiary conical baffles, the main baffle, and the struts supporting the
secondary mirror assembly. Illuminated objects are those components which are directly illuminated by
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an outside source of radiation. In the LUTE, the illuminated objects are the light shade, the struts sup-
porting the secondary mirror assembly, the main baffle, the mirrors, and the outside of the secondary and
tertiary conical baffles.

Stray radiation enters the detector by scattering from the illuminated objects to the critical
objects, and then scattering from the critical objects to the focal plane. Each time the light scatters from
an object, it loses some amount of energy. Scatter paths, which include more than two (nonmirror) sur-
faces, usually lose too much energy to be considered further. If a critical object is also an illuminated
object, then stray radiation can reach the detector in a single scatter. These direct scatter paths usually
contribute the most stray light in the system. For the LUTE design, the critical objects that can be
directly illuminated by outside sources are the main baffle, the support struts, and the primary mirrors.

The APART™ code determines the power scattered to the detector for various off-axis angles.
The power is relative to a plane wave irradiance of 1.0 W/cm? at the primary mirror. On-axis the total
power entering the system would be 5,890.5 W. This is useful for comparing the scattered light power to
the power from the object being observed. For instance, a point source at an angle 2° off-axis, just
slightly outside the field view of the LUTE instrument, would scatter 0.000597 W of radiant energy to
the detector. This is 1.01*10-7 times the amount of energy this same source would transfer if it were on-
axis. The total power scattered to the detector as a function of angle is shown in figure 43. The individ-
ual contributions of five components of the system are also shown. Each of these components is the
dominant scattering source at some off-axis angle.
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Figure 43. Power scattered to detector.
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5.1.4.3 Future Analyses

The baffle designs and coatings used in this analysis should not be considered as the best possi-
ble design, but are instead a “first-cut” of how the baffles could be designed. As the design for the
instrument evolves and matures, further analyses would be needed to determine the optimum baffle
design, vane structure, coating material, and optical layout. It is possible that a few internal vanes on the
detector and tertiary conical baffles might further reduce stray light levels. Scatter from the main | bafﬂes
is primarily due to edge scatter from the vanes, so a restructuring of these vanes might be effectiy
reducing the scattered light. In addition, alternate coatings should be identified and coating propertles
measured in the UV. If the optical configuration changes, then baffle design would need to be adjusted

for that configuration.

Because the mirrors are critical elements for stray light reduction, it is important that they remain
as clean as possible since contamination will degrade the BRDF of the mirrors. This effect is more pro-
nounced in the UV since any particulates that collect on the surfaces of the mirrors will be large
compared to the wavelength of the light An estimate of the particulate contamination of the mirrors
should be made and that value used in the stray light analysis of the mirrors.

5.1.5 Error Budget

Figure 44 presents the preliminary wavefront error budget. For each of the mirrors, an accuracy
of 1/50th wave (0.02) at the helium-neon laser wavelength of 6,328 A was assumed (all wavefront errors
are rms at 6,328 A, unless otherwise noted). For reference, the HST primary mirror was polished to an
accuracy of 0.017 (=1760th wave), as was the Itek demonstration mirror that is currently being used in
the CDD transit instrument (CTT). Alignment errors were assumed to contribute about 1/50th wave per
surface to the error budget, and a residual wavefront design error was a531gned a value of 1/50th wave.
This is somewhat less than the error shown by the code V runs, but it is possible the desrgn can be
improved somewhat. An error of 1/100th wave was assigned to uncertainty and noise in measuring the
individual optics and the overall assembly.

Provision is made to include the effect of light scattered by dust or other contaminates which
may collect on the surface of the optics. The effect of dust on the optical performance will be to increase
the amount of scattered light, which will reduce the contrast ratio of the stellar images. This is equivalent
to moving light energy from the central portion of the focused spot and redistributing it to the outer
portions of the image spot in a manner very similar to wavefront errors introduced by imperfect optics
and/or imperfect alignment. At this time, there is no accurate estimate of the level of scatter that can be
expected due to dust collecting on the mirror surfaces.

The environmental errors are listed as TBD. Although several cases for thermally distorted optics
have been analyzed, these analyses have only considered the primary mirror, and have not included any
effects due to the secondary and tertiary mirrors or to distortion of the optical metering truss.

Independent analysis by Hughes Danbury Optical System (HDOS) and Litton Itek Optical Sys-
tems show that the thermal excursions must be controlled in order to avoid active optics (appendix L).

The various error terms are combined together in a root-sum-squares (rss) manner. This is
appropriate if the sources of error are not correlated, which is likely to be the case for polishing and
alignment. For thermally induced errors, correlation between terms would be likely, so the errors should
be added together.
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Considering only the quantities for which there are numerical estimates, the total rss wavefront
error is about 0.05 (about 1/20th wave) at 6,328 A, which would be considered diffraction-limited
(anything better than about 1/14th wave is considered diffraction-limited). But this number must be
multiplied by 6.328 to determine the wavefront error at 1,000 A, which gives a value of 0.317 wave,
which is not diffraction-limited. When the effect of distorted optics is included, the total wavefront error
will become larger.

5.1.6 900 cm Effective Focal Length (EFL) Optical System

The LUTE focal plane detectors are envisioned to be CCD photodetector arrays, clocked at the
lunar sidereal rate. Current microelectronic technology can produce CCD’s whose individual photo-
detectors are approximately 7 [ square. An extension of this technology may produce CCD’s with 5
square pixels. Even using these smaller pixels, the basic resolution of the LUTE will be set by the pitch
of the CCD’s, not by the resolving power of the optics themselves. This is equivalent to stating that the
available detector arrays do not make use of the resolution of the telescope optics. It can be shown that
in order to fully utilize the resolving power of the telescope, there should be four pixels spanning the
Airy diameter. For the LUTE, this would require a pixel pitch of less than 1.0 p. Since CCD’s with
pixels this small are unlikely to be available in the foreseeable future, the only other avenue available to
increase the angular resolution of the LUTE is to increase the system focal length. This approach has the
disadvantage that the angular coverage is reduced in proportion to the increase in focal length if the
overall dimensions of the focal plane array are held constant. The tradeoff between angular coverage and
resolution and the quality of the science that can be obtained is discussed elsewhere.

It can be shown that the EFL of the optical system is equal to the product of the primary mirror
focal length, the secondary mirror image magnification, and the tertiary mirror magnification. The exist-
ing D. Korsch optical design has a primary mirror focal length of 100 cm, a secondary mirror
magnification of —4.875, and a tertiary mirror magnification of —-0.6154, yielding an effective focal
length of 300 cm.

The approach taken to increase the EFL was to hold the primary mirror focal length constant at
100 cm. This approach was used because the overall length of the telescope was constrained to be as
short as possible, so that the experiment would fix within the launch vehicle payload shroud and so that
the CG of the experiment would be as low as possible, to minimize the possibility of the experiment
tipping over on uneven terrain.

As before, the EFL of the optical system is the product of the primary focal length, the secondary
magnification, and the tertiary magnification. Since the primary focal length has been maintained at
100 c¢m, the product of the secondary and tertiary must be +9 so that the product of primary focal,
secondary magnification, and tertiary magnification is 900 cm. The relationship between magnification,
mirror spacing, mirror curvature, and the back focal distance is given by the following expression:

(Islt) (5_3)

m=mgym,= —(OS'(de—I'S)) ,
where
is = secondary image distance
i = tertiary image distance
o = secondary object distance
dsd = primary-to-secondary distance,
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The relationship between oy, dsd, and the focal length of the primary mirror, f,, is given by:
o5 = dsd—fp . (5-4)

Although the original design had a back focal distance of 65 cm to match the primary-secondary
and secondary-tertiary distances, there could be some advantages for detector cooling to making the
back focal distance larger, thus placing the image surface higher to avoid thermal radiation from the
sunshade.

The solution of this equation for a 900 cm EFL gives secondary and tertiary curvatures of
—0.00818 and —0.02189 cm-1, respectively. Compared to the 300 cm EFL design, the secondary is
somewhat flatter, but the tertiary is much more steeply curved. Also, both elements are now convex,
whereas before, the secondary was convex, but the tertiary was concave.

Of much greater concern is the strong curvature of the image surface. This is due to the strong
convex shapes of the secondary and tertiary mirrors, which are not offset by the relatively weaker posi-
tive curvature of the primary mirror. Generally, as the discussion in section 5.2 will indicate, focal sur-
face curvature can be accommodated by “mosaicking” the focal plane with sensors chips, at the expense
of a more complicated design and fabrication procedure. The curvature of the focal surface in this case
(radius =19 cm) is such that the CCD’s would be prohibitively small, so that it does not appear that a
900 cm EFL instrument with 65 cm vertex spacing is feasible.

5.1.7 Resolution Versus EFL and Pixel Size

The formal resolution of the LUTE instrument is a function of two factors: the EFL of the
telescope optics and the pixel pitch of the CCD’s. Figure 45 shows this relationship in tabular form.
The baseline pixel pitch is 5 im, and the baseline focal length is 300 cm, yielding a resolution of
0.68 arcsecond. However, it is not certain that 5 um pixel CCD’s will be available for the LUTE. In that

Px {(um)
5 6 7
EFL (cm)
F-no.

300 n " n
F/3 0.68 0.82 0.98
420 . "

F/4.2 0.49 0.59

- Korsch Optics original design

B /3, 5um pixel baseline

Possible revised design

Figure 45. Resolution (arcsecond) versus EFL and pixel size.
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case, CCD’s with larger pixels may have to be used. If the baseline optics are retained, then the formal
resolution of the instrument will become 0.98 arcsecond. One approach to maintaining the resolution of
the instrument would require increasing the focal length by a factor of 7/5, to 420 cm. However, the
diameter of the primary mirror would need to remain at 100 cm due to the physical space constraints
imposed by the launch shroud. Thus, the f-number of the telescope would increase from /3.0 to {/4.2.

The preceding discussion indicates that regardless of whether 5 or 7 um pixel CCD’s are used
in the LUTE instrument, the resolution will be determined by the size of the detector pixels, not by the
resolving power of the optics.

5.2 LUTE Focal Plane Array (FPA)

The sensor array for the LUTE uses an array of frame transfer CCD optical detectors which con-
vert the optical image formed by the optical system into electronic charges. These electronic charges are
subsequently converted to digital form and transmitted to Earth for storage and analysis. For a more

detailed description of CCD operation, consult one of the standard texts on CCD’s, such as reference 16.

Figure 46 gives an overall view of the FPA architecture,

The technique used to acquire the star field image is termed drift scanning, since the telescope is
pointed in a fixed direction and the star images appear to drift across the focal plane in an east to west
direction due to the rotation of the Moon. This approach is shown schematically in figure 47. If the
CCD’s are aligned so that the rows of pixels run east and west, and the CCD is clocked at the apparent
sidereal rate, the electronic charge image of the star field will remain exactly fixed under the optical
image. This prevents blurring or smearing of the image, and allows a longer image integration time,
thereby improving the overall sensitivity of the detection process. The process of synchronizing the
motion of the optical and electronic images is referred to as TDI.

1411 pixels (5 ym)
, 1008 pixels (7 uym)

883 sec.@

0.344 arcsec/5 uym

0.480 arcsec/7 ym

Figure 46. LUTE focal plane CCD array.
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Figure 47. Schematic representation of CCD/TDI technique.

As the charge image reaches the western edge of the CCD, the accumulated electronic charges
are transferred into an analog shift register, and then sequentially shifted into the output amplifier. The
amplifier output is digitized (16 bit resolution) and the resulting data are transferred to the C&DH
system for transmission to Earth. For additional details on this observational technique.17.18

Although the preceding description has discussed using CCD’s as the sensing element, alternate
approaches exist. One alternate approach to conventional CCD’s would be photon counting detector
arrays, although much development work remains before these devices will be mature enough for use.
Yet another approach is the use of active-pixel devices now under development in the U.S. and Japan.1?
This technology, which is still in the early stages of development, might allow area-of-interest image
processing which would greatly reduce the bandwidth required to return the data to Earth.

There are a number of items that must be considered in the detailed design of the FPA. These
items are:

(1) Curvature of the focal “plane”
(2) Curved star trails

(3) Pixel size (focal length, resolution, etc.).
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(1) Curvature of the focal plane—The baseline LUTE optics were designed to have negligible
curvature of the image surface so that flat CCD’s can be used without an undue amount of image
blurring due to defocus. If the CCD’s used in the FPA are no more than 14 by 14 mm, then a focal sur-
face radius of curvature 2100 cm results in only a small increase (=1 pm) in the image spot of light from
a point source. If larger sensor chips are used, then the minimum permissible image surface radius of
curvature is correspondingly larger. For example, a sensor 20.5 by 20.5 mm (corresponding to an array
of 4,096 by 4,096 pixels at a 5 pm/pixel pitch) would require that the focal surface radius of curvature be
greater than 215 cm, which is flatter than the existing baseline design. Sensor chips of this size therefore
could not be used unless: (a) the optical design was altered to produce an image surface with less
curvature, or (b) the image quality requirements were relaxed somewhat.

Even though the departure of the image surface is negligible over the dimensions of an individual
sensor chip, over the diameter of the entire focal plane the deviation is appreciable (=417 um at the
edges of the FPA). This amount of curvature can be accommodated by building up the FPA as a
“mosaic” of CCD’s which conforms to the approximate shape of the focal surface. Alignment of the
individual CCD’s on the focal plane has been addressed by other researchers and is a manageable task.20
Deforming the CCD’s in two dimensions, such as is done with the film for a Schmidt camera, is a
technique whose feasibility is unproved.

As an alternative to the focal plane mosaic approach, a fiber optic field flattener might be inter-
posed between the image surface proper and the CCD’s. This approach has been used to convert and
detect x rays and is shown in figure 48. The drawback to this approach is limited resolution. Since the
fibers typically must be in the 4 to 6 pm diameter range, the spatial resolution in the focal plane cannot
be any better than this. Other unknowns are possible resolution degradation introduced by the conver-
sion phosphor, and questions regarding the durability of the phosphor in ground handling, during launch,
and in the lunar environment. These questions and others must be satisfactorily answered before this
approach could be selected.

Fiber Optic
Field Flattener CCDs
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Conversion Phosphor

Figure 48. Fiber optic field flattener and UV converter.
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(2) Curved Star Trails—As the Moon rotates on its axis, the FOV of the LUTE instrument
sweeps across the lunar sky. As a star moves into the FOV, its image on the telescope focal plane moves
along a slightly curved path. The exact amount of curvature of this path depends on the pointing
declination of the telescope’s optical axis and the declination of the star. The star image track on the
focal plane is a portion of an ellipse for viewing declinations greater than 45°, a parabola for a viewing
declination equal to 45°, and a hyperbola for declinations less than 45°. These curved star tracks can be
precisely described by mathematical expressions modified only by distortions in the telescope optical
system.2! 22 The practical consequence of this is that “standard” CCD’s, with a rectilinear arrangement
of pixels, will not align properly with the curved star image tracks, resulting in an image mistrack, or
“smear,” from one horizontal row of pixels to the adjacent row. This would degrade the resolution of the
instrument and, to some extent, defeat any sensitivity gain from the TDI scheme. This difficulty will be
exacerbated as the resolution of the telescope increases (either smaller pixels or longer focal length or a
combination of both).

One possible solution to this difficulty is to fabricate custom CCD’s with the rows of pixels laid
out on curved tracks. In principal the curvature of the tracks can be adjusted so that the star images
remain exactly centered on the row of pixels. The principal drawback to this approach is the higher costs
associated with custom CCD’s, since each chip will need to be designed for a specific location on the
focal plane. Another drawback is the extreme pointing accuracy and alignment requirement for the
telescope with a detector that has been designed for star track curvatures corresponding to a specific
declination. Pointing accuracy ranges are typically a few arcseconds.

(3) Pixel Size—In addition to the consideration discussed in the preceding paragraphs regarding
the apparent necessity of having curved rows of CCD pixels, there are tradeoffs on the size of the CCD
pixels themselves. As discussed previously, the size of the pixels influences the angular resolution of the
LUTE telescope. The pixel size also influences the dynamic range of the instrument, since pixel size and
full well capacity (number of photoelectrons that can be stored and transferred along the row of pixels)
are related. At the same time, readout noise is relatively independent of the pixel size or well capacity
and sets the lower limit on detectability. At the present time, commercially available CCD’s have
minimum pixel sizes around 7 um, with full well capacities on the order of 60,000 e~. Fabrication of
CCD’s with smaller pixels is possible, and could be pursued in parallel with efforts to develop CCD’s
with curved tracks. The challenge will be to maintain good device yield and reasonable full well
capacity as the size of the pixels is reduced.

5.3 Structural Trades and Analysis

The LUTE structural reference design, described in section 4.2.3, evolved through analyses and
trade studies described below. A combination of hand calculations, simple and detailed I-DEAS™/FEM
models, and consultation with vendor representatives were used to develop and evaluate options for the
LUTE structural systems. Table 11 summarizes the trade studies that were performed.

Structural analyses in this section compare temperature effects on structures, mirror support
trades, primary mirror material trades, metering structure design options, light shade construction trades,
and aperture cover design options. The effects of mirror material selection on other structural telescope
components are also given.
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Table 11. Summary of structural trade studies.
Structural
Components Trades Options Analysis
Mirrors Temperature Bulk temperature, axial gradient, diametral Hand
effects. gradient.
Athermalization. Baseplate-optics ACTE from O to 11.3 ppm/K. | - DEAS™/FEM
Substrate trades. One-piece versus separate mirrors. Vendor (HDOS)
Construction trades. | Closed back, open back, meniscus, single arch. | Vendor (HDOS)
Material trades. Thermal deformations: Be, SiC, fused silica. I-DEAS™/FEM
Tilt from 0° to 90°. | Deformation due to lunar gravity. I-DEAS™/FEM
Mirror support Support concepts. | Outer, inner, bottom three-point mounts, I-DEAS™/FEM
structure Support stiffness. Flexure stiffness k = 0.01 N/m to oo I-DEAS™/FEM
Metering Design concepts. Seven options identified for trade space.
Material trades. Thermal deformations: Be and Gr/Ep cylinders. | Hand
structure
Light shade Construction trades. | Varied skin thickness and number of stringers. Spreadsheets
Aperture cover Mass versus Assumed aluminum, compared to historical Hand
thickness. data.
Alternate designs. | Two fabric/mylar concepts identified for trade
space.
Baseplate Athermalization. Baseplate-optics ACTE. I-DEAS™/FEM
Material trades. Stress: beryllium, graphite/epoxy, titanium. I-DEAS™/FEM
Interface reactions. | Loads with 40° site mount. 65° site mount TBD. | I-DEAS™/FEM

_ Definjtions—The structural terms “allowable strengths” and “stress margins of safety” will often
appear in the text. For clarity, these terms have been defined below, as they are used in the structural
documentation. '

allowable strength = Gyjowable = material yield strength/safety factor (5-5)
stress margin of safety = M.S. = (Gapowabif/Calculated stress) - 1 . (5-6)

For stress margin of safety, positive values indicate a safe design while negative values indicate
structural failure.

5.3.1 FE Models

The reference structural design and geometry is described in section 4.2.3, Baseline Structural
Design. This section shall briefly describe some of the FE models that were generated from this geome-
try.

Primary Mirror—The reference primary mirror FE model has 192 nodes. Mesh increments are
6 cm vertically, 15° circumferentially, and 8.33 cm radially. There are 240 elements in the model.
Faceplates are thin-shell linear quadrilateral elements, and the mirror’s sandwich core is modeled with
solid linear bricks. To approximate the sandwich construction, the solid elements were assigned a
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density equal to 5.3 percent of the material’s normal value to simulate the sandwich cell mass and a
Young’s modulus equal to 3.5 percent of the material’s normal value to simulate the honeycomb’s
stiffness.23

Metering Structure—The metering structure model has 149 nodes. There are 125 elements in the
model: 8 rods for the metering truss tubes, 104 thin-shell linear elements, and 13 lumped masses for
inertial loading. The lumped masses represent the secondary mirror, science instrument, etc.

Electronics Box Support Structure—The structure was modeled as an aluminum truss with 8
nodes, 11 circular rods, and a 1 c¢m thick electronics box shelf.

__There are 650 nodes in the FE model. In addition, there are 1,054 elements in the
model: 648 thin-shell linear elements for the faceplates and 324 solid elements for the honeycomb core.
For preliminary design, the solid elements were assigned a density equal to 10 percent of the material’s
normal value to simulate the sandwich cell mass and a Young’s modulus equal to 3.5 percent of the
material’s normal value to simulate the honeycomb’s stiffness.

Integrated Structural Model—Table 12 lists the number of nodes and elements in the model.

Table 12. Finite elements in structural model.

Elements
Lumped Thin

Component Nodes Masses  Springs  Rods Beams  Shells  Solids Total
Integraded FE model 1,339 79 6 19 408 1,269 396 2,177
Baseplate 650 648 324 972
Primary mirror 192 6 168 72 246
Secondary mirror - 4 4
Tertiary mirror - 3 3
Primary baffle - 36 36
Secondary baffle - 4 4
Detector - 1 1
Radiator - 4 4
Metering structure 149 8 104 112
Light shade 360 408 348 756
Aperture cover - 24 24
High-gain antenna - 1 1
Electronics box support 8 ) 11 1 12
Electronics box - 2 2

5.3.2 Requirements and Loads

The requirements used in the structural trade studies are listed in the reference design chapter in
section 4.2.3.1. The LUTE is currently designed to launch on an Atlas ITAS, which imposes challenging
mass and geometrical constraints. The baseline TCS, consequently, is designed to be passive. The base-
line optical system is inactive with the exception of a focusing actuator on the secondary mirror cell.
Operating in the lunar environment under these conditions imposes some substantial requirements on the
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optical structures. Thermal data show that the lunar surface temperature can vary from 93 K at sunrise to
as hot as 395 K at local noon during the 14 day lunar day/night cycle.10

for Gl —Some glass structures design information and safety factors
appear in MSFC-HDBK-505. LUTE mirrors are to be qualified through analysis and testing of the flight
hardware, a protoflight test. A summary of the minimum design factors for glass appears in table 13.

Table 13. Minimum glass design factors.

Glass Analysis Qualification Test Protoflight

Condition Factor of Safety Factor Test Factor
Nonpressurized 3.0 N/A 12
(Analysis and Test)

Bonds for Structural 20 14 1.2
Glass

Also specified in MSFC-HDBK-505, “the material strength allowables for adhesives shall meet
the requirements of MSFC-STD-506" and “the material properties of glass shall meet the requirements
of MSFC-STD-506.”

Vehi —Preliminary loads for the three LUTE/lander launch vehicle candidates
of Atlas TTAS, Titan IT/TOS, and Titan IV/Centaur can be found in their mission planner’s guides.
These loads include design load factors, acoustic environments, and shock response spectrum for the
three launch vehicles. The Atlas ITAS has been chosen as the baseline launch vehicle for LUTE.

Random loads have not been identified for the LUTE/lander interface, and are to be accounted
for in future analyses.

Random vibration levels are given for the payload to launch vehicle interface in General ,
Dynamics’s “Mission Planner’s Guide for the Atlas Launch Vehicle Family,” dated July 1990. Using the
methods detailed in JA-418, “Payload Flight Equipment Requirements for Safety Critical Structures,”
NASA/MSFC, August 1984, and the natural frequencies listed for the baseline LUTE .
structure in section 4.2.3.12, random vibration load factors were derived to be 2.1 g’s axially and
2.0 g’s laterally for the overall system. A component-level random loads analysis must be performed
in phase B.

Structural Load Paths—The structural load path diagram associated with the baseline LUTE
design is drawn in figure 49. ' '

The baseplate is one of the most important structural components of the LUTE, since all other
LUTE structural components are affected by its performance. Likewise, the light shade and metering
structure provide structural attachments for several components. The complexity of maintaining the
spacing between the primary and tertiary mirrors with the secondary mirror is also evident, from the
number of structural components through which loads must pass.
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Figure 49. Structural load paths for LUTE reference design.

5.3.3 Structural Material Selection

A detailed discussion of the candidate materials in the LUTE preliminary design appears in
appendix J of this report. Although not included in this report but of great value in the LUTE phase A
study, a data book was compiled from the literature search done in preparing the “LUTE Mirror Materi
als Report” contained in appendix J. When selecting materials for LUTE structural components, low
mass was an important requirement. Materials with high strength-to-mass ratios and high stiffness-to-
mass ratios are desirable, unless other requirements, such as thermal deformation constraints or material:
based athermalization designs, dictate otherwise. Table 14 lists the materials which were considered for
LUTE structural components.

Table 14. Room temperature mechanical properties of candidate structural materials.

Specific Specific Poisson’s
Strength Stiffness Ratio
Density { YTS E [YTS/tho] [E/rho] CTE mu
Material Type (kg/m®) | (MPa) | (GPa) | (KJ/kg) Ml/kg) (ppm/K) =)
Aluminum 2219-T81 2,823 3309 74.5 117 26 22.14 033
Al-Li 2195 2,700 690.0 78.6 256 29 - -
AlSIC Metal matrix composite
Beryllium [-250 (structural grade) 1,850 | =544.7| 303.0 294 164 11.3 0.08
Graphite/Epoxy | GY70/934, £12° 1,689 49851 268.2 295 159 -0.54 -
Invar 36 8,080 | =248.2| =144.0 31 18 0.00177 -
Titanium Ti-5A1-2.55n 4,484 75841 1069 169 24 10.26 0.33

high is good high is good
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Room temperature material properties for the optical components of the LUTE are given ip the
primary mirror trade section, section 5.3.4.3. Temperature-varying properties for beryllium and SiC

appear in appendix K.

Table 15 shows which candidate materials were selected for each structural component for the
baseline design of LUTE, based on specific component requirements. The structural trade results
responsible for many of these selections will be discussed with the component analyses.

Material Candidates
Component (ALL-CAPS were selected) Section Rationale Analysis Method
Optics SILICON CARBIDE Minimize thermal deforma- | I-DEAS™/FEM and Model
Beryllium tions during lunar operations. | Solution.
Fused Silica Good UV performance
Mitror Support Structure GRAPHITE/EPOXY | Compatibility with mirror | Hand analysis.
Titanium material. Minimize stress and
Berylliium deflections in the mirrors.
Invar
Metering Structure GRAPHITE/EPOXY Low CTE 1o maintain focal | Engineering judgment.
Beryllium length between optics. [-DEAS™ FE models.
Opliéaerafﬂes ALUMINUM Nonload bearing structures, | Hand analysis.
Aluminum-Lithium wanted a cheap material,
Beryllium easy to manufacture.
Graphite/Epoxy
Light Shade ALUMINUM Well-understood manufactur- | PD22 spreadsheet analytical
Aluminum-Lithium ing process. Cheap. tool. I-DEAS™ FEM.
Graphite/Epoxy Technical simplicity.
Aperture Cover To be determined Historical data for mass.
Electronics Box Support ALUMINUM Cheap, easy to manufacture. | Hand and FE analysis.
Power System Attachment To be determined
Telescope Baseplate GRAPHITE/EPOXY Thermal distortion compat- | [-DEAS™ FEM.
Titanium ibility with optics. Optics-
Beryllium baseplate material athermal-
ization desired.

5.3.4 Mitigation of Mirror Deformations in Lunar-Based Telescopes

Structural design and analysis of the optical systems for lunar-based telescopes is a challenging
task. A concern during this study was the degradation of the LUTE optical figure due to thermal defor-
mations. In addressing this task, a multidisciplinary analysis process was developed, temperature effects
were characterized, and primary mirror thermal deformations were calculated for use in the optical
analyses. Trade studies evaluated the qualitative performance of various design schemes. Results
indicate that statically determinant mirror supports with bottom-mounted flexures render less optical
disturbance under thermal loading than mirror supports at the inner or outer periphery. Another trade
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indicated that a telescope’s baseplate should be athermalized with respect to the mirrors by matching
thermal distortion coefficients. A comparison of three materials for the primary mirror indicated that SiC
would be the best material for LUTE’s operational environment.

5.3.4.1 Temperature Effects on Structures

Thermal data show that the lunar surface temperature can vary from 93 K at sunrise to as hot as
395 K at local noon. 0 During this 14 day lunar day/night cycle, thermal analysis predicts that the
temperature of LUTE’s primary mirror will vary from 65 to 265 K at 40° latitude, 0° longitude, which
was considered early in the phase A final study. Operating in the lunar environment under these thermal
conditions is very challenging, and a primary concern is the degradation of LUTE’s optical performance
due to thermal deformations.

A general understanding of the temperature effects on structures will provide some valuable
insights to guide the design of lunar-based telescopes. To illustrate, the characteristic deformations of a
beam under three basic thermal loads are sketched in figure 50.

1) Bulk Temperature Excursion (eg. 70K - 230 K)
Internally isothermal, no temperature gradients.

—

t—— aT. 00
cross-
side view sectlon
2) Axial Temperature Gradient
25C_

e
g e — cross-

side view section

3) Dlametral Temperature Gradlent

) SRS AT
| | L
21°C 220 23° 24° 25°

cross-

side view section

Figure 50. Temperature effects on a beam.

Hand analysis shows that a pure axial (through the thickness) temperature gradient is more sig-
nificant than a pure diametral (across the span) temperature gradient in causing vertical deformation. For
instance, in a beam with no constraints, having a span of I and a thickness of t, a diametral gradient of
[(/02/2] is needed to equal the vertical tip deflection caused by a 1 K axial gradient. If the beam had a
span of 50 cm and a thickness of 6.6 cm, a 28.7 K diametral gradient would cause the same vertical tip
deflection as a 1 K axial gradient.
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Athermalization—Athermalization schemes may be material-based, geometry-based, or a combi-
nation of the two. This analysis will assume material-based techniques. Krim discusses the concept of
athermalization in detail.24 If care is not taken to athermalize lunar-based telescopes, bulk temperature
excursions will drive the deformations. To illustrate, FE analyses with -DEAS™ were conducted to
evaluate the interaction between mirror thermal deformation and baseplate athermalization. A beryllium
LUTE primary mirror was mounted to a baseplate via three flexures on the mirror’s outside edge. The
CTE of the baseplate was allowed to vary between 0 and 11.3 ppm/K (11.3 ppm/K equals the CTE of
beryllium). The variation in baseplate CTE represented different candidates for the baseplate material
selection. The thermal deformations of the prlmary mirror’s figure, in response to an assumed tempera-
ture loadmg of 96 K bulk temperature excursmn 0.1 K axial gradient, and 0.6 K diametral gradient, are
plotted in figure 51.

80
Titanium flexures
e 797 k radial = 7.42 E6 N/m)
o
% H 60 - / Supports [
> E — 50 4 3 Quter supports L
o6 2 I
e O 40 K
x @ &
89 € Free-free
ag =301 k00— -
= 5
[ - 20 B
=9 .
> 10 4 Oplics L
Beryllium (CTE = 11.3 ppmv/K)
0
0.0 CTE of Base 11.3

(ppm/K)
Figure 51. Thermal deformation versus baseplate CTE.

When the difference between CTE’s of the baseplate and optics becomes wider, the mismatch in
their thermal growth during the 96 K bulk temperature excursion results in larger deformations.

Utilizing an athermalization scheme is recommended for the baseplate-optics system and for any
other sensitive component such as the metering structure. For the LUTE, current athermalization plans
are to match the CTE’s of the baseplate and optics as closely as possible. Matching other thermal-
distortion indicators, such as the steady-state and transient-thermal distortion coefficients, may also be
necessary. The mirror support trade and mirror material trade, discussed later, assumed an athermalized
baseplate-optics system.

A concern, however, is whether athermalization can accommodate large bulk temperature swings
(e.g., the 200 K range predicted for the LUTE optics). Material-based athermalization schemes work
best when the operating temperature is held within a narrow band, since the athermalized design can be
tailored for those specific temperatures. If the temperature variation is outside this band, though,
athermalization may break down. For example, when a design has been athermalized using material-
based techniques, there exists a ratio C between the CTE's of two materials that allows the structure to
be athermalized at a given temperature Ty:

C =CTE; (T=T,)/CTE, (T=Tp) . (5-7)
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If the temperature T should change by an appreciable amount, the design will only remain
athermalized if the ratio between the thermal expansion slopes of these two materials equals the same
ratio constant C:

j(aCTE‘/aT)dT OCTE /oT)AT _ (oCTE /9T)
f(BCTEzlaT)dT OCTEJOT)AT ~ (6CTE/OT)

(5-8)

A more detailed discussion on athermalization is beyond the scope of this report.
5.3.4.2 Mirror Support Trades

Before a mirror material trade was conducted, a design for the mirror support structure was
baselined. Structural supports for the primary and tertiary mirrors hold these optics above the baseplate
and must allow the mirrors to expand and contract in the thermal environment. Otherwise, stress and
additional warpage will be introduced into the mirrors. The mirror support trade was conducted to assess
the impact of different mirror support concepts on a primary mirror’s thermal deformations. The affect
of mirror support stiffness on thermal deformations was also evaluated. Launch and lunar gravity loads
were not considered in this trade.

Method—For the mirror support trade, a beryllium primary mirror was modeled. An assumed
temperature loading of 96 K bulk temperature excursion, 0.1 K axial gradient, and 0.6 K diametral gra-
dient was applied to the model to assess the thermal deformation figure change when the mirror was
supported along its outside edge, inside edge, and bottom with three flexures. The bottom supports,
utilizing a statically determinant support concept, were mounted close to the neutral surface of the
mirror. The three designs are illustrated in figure 52.

The supports were modeled with spring elements. Several runs were made with each design to
assess the thermal deformations as the spring constants were varied. These deformations are plotted in
figure 53.

Quter Determinant Inner
supports Bottom-supports supports

ats50-cmR at41.67-cmR at25-cmR

RESTRAINED D.O.F.

Support Outer Bottom Inner
Locations | supports supports supports

30° 10z 102 0z
150° 10z 0z roz
270° réz z 19z

Figure 52. Mirror support concepts.
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Figure 53. Thermal deformation versus support stiffness.

lts—Figure 53 indicates that the resultmg deformations of the mirror using the outer
supports and bottom supports are less than when using inner supports. The current data are not conclu-
sive in showing whether bottom supports are better than outer supports. The assumed thermal loads were
not large enough to create a discernible difference between these options. Kinematic bottom supports,
however, are statically determinant, i.e., having the advantage of not being influenced by the stiffness of
the ﬂexures

The statically determinant support concept with three bottom-mounted flexures was chosen as
the baseline design for the LUTE primary and tertiary mirrors during preliminary design. The mirror
support flexures have been radially located at the mirrors’ neutral balance point. The location of the
neutral balance point was estimated by calculating the radial distance r, where the mirror’s outer radial
mass equaled the mirror’s inner radial mass:

n (Router r?) p=nr (r?- mner) (5-9)

This equation was then simplified to derive an expression for the radial balance point r:

N/(Router+R12nner)/2] . . (5'10)

Using this equation, hand calculations approximated the primary mirror’s neutral balance point at
a radial location of 39.5 cm and the tertiary mirror’s neutral balance point at 9.9 c¢m radially. The
secondary mirror’s balance point is at approximately 14.4 ¢cm radially.

Launch Locks—Stress analysis is required and has not been performed to determine if the mirror
support flexures can withstand launch and lunar landing loads without damage. If the flexures cannot
support the mirror safely, launch locks will be required to support the LUTE optics during launch and
landing.
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5.3.4.3 Primary Mirror

Extreme temperature swings in the mirrors of lunar-based telescopes with passive TCS’s will
necessitate that the optical structures be designed carefully in an effort to reduce thermal deformations of
the mirrors and to maintain satisfactory optical performance. It is desirable to maintain the dimensional
stability of the optical structures, to reduce thermal conductivity paths to the mirrors, and to minimize
light blockage. The analysis of thermal deformations on the LUTE optics has been a very detailed under-
taking. In addressing this task, an interactive, multidisciplinary analysis process, as sketched in figure
54, was developed.

( Requirements 1»0

Y Y
Comrmooney ) (commmpropenes )

r Interaction

«....| Tenpeatues nput e
intoStructumal Model.

r Ingl a!d ion ]
=
K] .
L ) y

Figure 54. Analysis process for mirror deformations.

This process was used to calculate primary mirror thermal deformations. Numerical data gener-
ated by the process were transmitted electronically between disciplines. The configuration, thermal, and
structures disciplines used the I-DEAS™ software package for FE design and analyses of the LUTE.

Structural analyses compared the qualitative performance of various design schemes. To conduct
the design trades for the LUTE optics, analyses were based on the I-DEAS™ FE model of the primary
mirror. The primary mirror geometry and construction are described in section 4.2.3.3. The FE model is
described in section 5.3.1. Models were not built for the secondary and tertiary mirrors. It is anticipated
that the primary mitror results will be pertinent to the design of lunar-based telescopes in general, even if
their thermal control systems are not entirely passive. Trades resulted in the selection of a baseplate
athermalized with respect to the mirrors by matching thermal distortion coefficients, statically deter-
minant mirror supports with three bottom-mounted flexures, and SiC as the baseline mirror material.
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ntegr. imary-Tertiary Ver Primary-Terti r—The baseline primary-
tertiary mirror assembly has the mirrors ground on separate blanks. Another option reviewed was to
grind the primary and tertiary mirrors on a single blank. This option was not chosen, however, because
consultation with industry indicated that it would be difficult to grind a primary and tertiary on one
blank, because of alignment of the two foci. Normally, the mirrors are ground separately and then
aligned. Similarly, during operation, the mirrors may experience a misalignment which could be
corrected by rigidly moving one or the other.

Another advantage to having the LUTE primary and tertiary mirrors ground on separate blanks is
reduced weight. If these mirrors were ground on a single blank, the weight would be 17 percent higher
than the combined weight of the separate primary and tertiary.

Mirror Construction Trades—The baseline mirror geometry with closed-back construction was
primarily chosen due to heritage from previous studies. A study on mirror construction trades was
undertaken by HDOS during the LUTE preliminary design. HDOS investigated a number of different
geometries, including single-arch, closed-back, open-back, and meniscus constructions. Results of their
study are summarized in table 16. A copy of HDOS’s report appears in appendix L.

Table 16. HDOS ranking of mirror construction geometries (from “best” to “worst”).

Based on Wave Front Error (WFE) Based on Deflection

1. Singlearch (supported at inner radius) 1. Closed back
2. Closed back (supported at 2/3R) 2. Open back
3. Openback (supported at2/3R) 3. Single arch
4. Meniscus  (supported at 2/3R) 4. Meniscus

calculated from 1g sag and fundamental frequency

Mirror Material Property Comparison—Selection of the mirror material is one of the first steps in

the design of a telescope’s optical structures. After a mirror material is selected, the material for the
mirror support structure can be chosen. The baseplate material selection will be impacted by the choice
of a mirror material. The metering structure material selection may also be influenced. Room tempera-
ture properties for the LUTE optical system material candidates are listed in table 17. Beryllium and SiC
temperature-varying mechanical properties are listed in appendix K.

Table 17. Room temperature properties of candidate mirror materials24-30
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Elastic Specific Poisson's

Density modulus Conductivity heat ratio

rho YTS E CTE k Cp mu

Material Type (kg/m"3) § (MPa) | (GPa) { (PPm/K) | (WAM-K)) | (JKkg-K) [—]
Beryllium 0-50 1827 - 1855{ 172-207 303 | 11.3-115 182-22G 1825 - 1926 0.04
Silicon dioxide (quartz) 2650 — —_ — 6.2-10.4 745 —
| Silicon digxide.. (fused.silica) 2187.2.2220 — 72..5.0.54.-. Q.56 = 1.4 745.;...0.244
Silicon = 2330 — — 25 = 148 712 —
Silicon Carbide 2920 - 4595 — 311 26-324} 112-156,490 675- 1255 —
SiC/Al MMC 2910 — U7z 12.4 123 1004 —
ULE Ti Silicate, 7971 | 2187 - 2205} UTS 50 68 0+0.054 1. 766 0.17
Zerodur 2519 - 2570 — 89 0+0.09 18 812 0.25
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An effort was undertaken to identify all comparison factors, or figures of merit, pertinent to a
telescope’s mirror material selection and to assemble them in a systematic summary chart. There are
many factors to be considered when selecting a suitable mirror material. Table 18 lists some of these
comparison factors.

Table 18. Comparison factors for mirror material trades.

PARAMETER DEFINITION UNITS CRITERIA
« Specific stiffness E / rtho M]/ kg high is good
* Specific strength YTS / rho k] / kg high is good
* Microyield strength stress which causes 1% MPa high is good
creep in TBD hours
* Fracture toughness Kie
*» Anisotropy (homogeniety of properties) ratio of directional props. dimensionless near 1is good
« Hysteresis due to thermal cycling change in optical figure TBD low is good
« Steady state thermal distortion coefficient CTE/k cm / Megawatt near 0 is good
« Transient thermal distortion coefficient (CTE-rho-Cp)/k 10E-6(sec/cm*2-K) near 0 is good
* Surface figure departure of actual from
— Peak-to-valley deformation undeformed. Hm (microns) low is good
— Curvature tilt micro-radians near 0 is good
* Surface microroughness departure of surface Angstroms (A) rms low is good
from plane.
« Optical scatter (scatter o roughness*2) TBD Angstroms (A) rms low is good
« Bidirectional reflectance distribution angle off specular, TBD low is good
function (BRDF) amount of light TBD
+ UV reflectance (normal incidence) R=[(nk-1"2+ Ak~21/ | percent (%) high is good
[k + DA2+ AkA2]
s Cost Price / diameter $/cm low is good

Mirror material trades and mirror support trades were complicated by the requirement that the
optics withstand a bulk temperature excursion of approximately 65 to 265 K. Ground- and space-based
telescopes typically do not have to contend with the harsh thermal environment affecting lunar-based
telescopes. Consequently, the structural results presented herein will focus primarily on the ability of a
material to resist deformation due to thermal loads. Steady-state thermal distortion coefficients, transient
thermal distortion coefficients, and FE analyses of the primary mirror’s surface figure in response to
thermal loads will be discussed.

The transient thermal distortion coefficient (TTDC) is a figure of merit that indicates a material’s
tendency to deform under transient thermal loads. It is calculated from a material’s density, coefficient
of thermal expansion, specific heat, and thermal conductivity:

TTDC = CTExpxCp/k . (5-11
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A TTDC near zero is considered good because it indicates that the material tends not to deform
under transient thermal gradients at a given temperature. A plot of TTDC versus temperature is shown in
figure 55.

Room
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Figure 55. Transient thermal distortion coefficient.

Figure 55 was reproduced with permission from data presented by Paquin in 1986.31 According
to the plot, beryllium and Zerodur resist transient thermal distortion better than other materials in the
LUTE primary mirror temperature range of 65 to 265 K.

However, the information displayed in figure 55 does not include some materials like SiC.32 33
Beryllium and SiC temperature varying material properties were obtained from literature and discussions
with vendors.34 Beryllium and SiC temperature-varying mechanical properties are listed in appendix K.
The transient thermal distortion coefficients of these materials were then calculated and plotted in figure
56. The curves indicate that SiC tends to resist transient thermal deformations better than beryllium.

Fused
bt ol eereeveer LUTE - “../- " Silica
] Optics 4T -
2 {egome Beryllium
}'ag 0 e CVD SiC
€& o =A™ ULE
8% AT Zerodur
e i
9 ]
g ,
E < | near zero

0 is good

(1} 50 100 150 200 250 300
Temperature (Kelvin)

Figure 56. Transient thermal distortion coefficient
(plotted with beryllium and SiC data).
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The steady-state thermal distortion coefficient (SSTDC) is another figure of merit for a materi-
al’s tesistance to thermal deformation. It is calculated from a material’s thermal conductivity and CTE:

SSTDC =CTE/k . (5-12)

Values of SSTDC near zero are considered good because they indicate that the material tends not
to deform under steady-state thermal gradients at a given temperature. After temperature-varying
material properties were obtained, the SSTDC was calculated and plotted for beryllium, CVD™ SiC,
and Ceraform™ SiC in figure 57.35 This figure indicates that SiC tends to resist steady-state thermal
deformations better than beryllium.
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Figure 57. Steady-state thermal distortion coefficient.

The TTDC and SSTDC figures of merit provide some direction for the structural analysis of the
primary mirror. Results from FE structural analyses were used to compare the surface figure thermal
deformations of a beryllium, SiC, and fused silica primary mirror.

Mirror Material Trade: Figure Deformations Under Thermal Loads—Thermal deformation
analyses were utilized in the preliminary design of the LUTE to characterize temperature effects, to
study the interaction of the baseplate and optics material selection on thermally induced deformations, to
compare various design concepts for the mirror support structure, and to conduct mirror material trades.
Both hand and FE analyses were conducted.

After the athermalized baseplate-optics design and the statically determinant support concept with
bottom-mounted flexures were baselined, a mirror material trade was conducted. The trade used FE
analyses to calculate thermally induced figure deformations of the primary mirror during lunar operation.
The thermal load case applied to the FE models represented an isothermal light shade and baseplate at a
40° latitude, 0° longitude landing site. Beryllium, SiC, and fused silica were compared during the study.
Detailed analyses for SiC will be discussed later, but only the summarized results for fused silica will be
presented. Beryllium and SiC temperature-varying mechanical properties are listed in appendix K.

li 1 jons—Beryllium was the first material analyzed because of its good
thermal properties and low density. SiC and fused silica were then analyzed.

79



miITor.

Figure 58 depicts one of the thermal load cases, at a given time step, for the beryllium primary
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Figure 58. Beryllium primary mirror thermal load at 40" lunar latitude.

Figure 59 illustrates the maximum thermal deformations calculated with I-DEAS™/model
solution for the beryllium LUTE primary mirror.
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Figure 59. Beryllium primary mirror thermal deformations at 40° lunar latitude.
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Figure 59 represents the results from only one thermal load case, the temperature case causing
maximum thermal deformation. In all, beryllium primary mirror temperatures and deformations were

calculated for three critical time steps during the lunar day/night thermal cycle. The output temperatures
and deformations are summarized in table 19(b).

The time steps in table 19(b) were chosen because the largest temperature gradients in the mirror
existed at these times. The bulk temperature range was 65 to 262 K. The maximum vertical peak-to-
valley thermal deformation was about 0.16 um, with a maximum curvature tilt of about 56 p deg. The
maximum thermal stress in the mirror was 102.6 kPa, resulting in a high margin of safety.

Table 19. Thermal-structural performance of primary mirror materials at 40” latitude

(“best” material to “worst” material).

(a) SiC (Ceraform™) Mass = 16.9 kg + 15 percent = 19.4 kg Galiowable = 1 BD (>1 MPa)
Maximum
Peak-to-Valley
Average Temperature Vertical Maximum Thermal
Time Temperature Gradient Deformation Curvature Tilt Stress
(h) Descriptor (K) K) ) (1 deg) (kPa)

820 Noon 261.3 0.20 0.048 10.66 27.8

1000 Afternoon 157.1 0.09
Low is good Near zero is good

*Used room lemperature properties, except CIE as f(T). Assumed Poisson’s ratio = 0.25.

(b) BERYLLIUM O-50

Mass = 10.7 kg + 15 percent = 12.3 kg

Callowable = 122.86 MPa (1.4 SF)

Maximum
Peak-to-Valley
Average Temperature Vertical Maximum Thermal
Time Temperature Gradient Deformation Curvature Tilt Stress
(h) Descriptor (K) (K) ®) (1 deg) (kPa)
650 Morning 123.2 0.11 0.035 13.42 102.6
820 Noon 261.2 0.18 0.160 55.75
1000 Afternoon 159.5 0.09 0.054 -15.70
Low is good Near zero is good
*Used temperature-varying properties.

(c) FUSED SILICA Mass = 12.7 kg + 15 percent = 14.6 kg Callowable = TBD (>1 MPa)
Maximum
Peak-to-Valley
Average Temperature Vertical Maximum Thermal
Time Temperature Gradient Deformation Curvature Tilt Stress
(h) Descriptor (K) (K) ) (1 deg) (kPa)

690 Morning 177.7 7.07 0.459 794.66 53.7
820 Noon 260.1 334 0210 197.53 41.8
1000 Afternoon 159.0 7.80 0.460 -873.50 82.6
1030 Afternoon 104.8 2.73

Low is good Near zero is good

*Used room temperature material properties.
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SiC Thermal Deformations—Figure 60 illustrates the maximum thermal deformations calculated
with I-DEAS™ for the SiC LUTE primary mirror. As with the beryllium mirror, a statically determinant
mount with three bottom-mounted flexures was used, and the thermal load case applied to the FE model
represented an isothermal light shade and baseplate at a 40 latitude landing site.
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Figure 60. Ceraform™ SiC primary mirror thermal deformations at 40° latitude.

Figure 60 represents the results from the temperature case causing maximum thermal deforma-
tion. The output temperatures and deformations are summarized in table 19(a). The time steps in table
19(a) were chosen because the largest temperature gradients in the mirror existed at these times. The
bulk temperature range was 65 to 262 K. The maximum vertical peak-to-valley thermal deformation was
about 0.05 pum, with a maximum curvature tilt of about 11 p deg. The maximum thermal stress in the

mirror was 27.8 kPa, resulting in a high margin of safety.

Thermal Deformation Trade Results—Structural analyses were conducted with [-DEAS™/model
solution for SiC, beryllium, and fused silica primary mirrors. Thermal deformation results are
summarized in table 19. The thermal stresses developed in all three materials were low, below 1 MPa,
and acceptable.

Table 19 shows that SiC resisted thermal deformation better than the other two mirror materials,
since its maximum peak-to-valley and tilt deformations were the lowest. The results from this material
trade, based on FE analysis of the thermal deformations, concurred with the TTDC and SSTDC material
property comparisons in figures 55 through 57. Optical studies also favored SiC as the mirror material.
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As a result, SiC has been chosen as the baseline mirror material for the LUTE phase A final reference
configuration.

Note that the SiC structural analysis was based on room temperature properties, except CTEasa
function of temperature. SiC temperature-varying mechanical properties are listed in appendix K.
Typical temperature-varying properties for SiC from 65 to 265 K will be better than the room
temperature properties. Therefore, the tabulated thermal deformation for SiC represents a “worst-case”
scenario, and it is expected that the qualitative results in table 19 will still hold if temperature-varying
properties are used for SiC in a more detailed analysis.

Figure Deformations Under 1/6 Gravity as a f (Nonzenith Pointing)—In addition to thermal
deformations, the primary mirror’s surface figure will be affected by the lunar gravity of 1/6 g. An FE
analysis with -DEAS™ was completed to assess primary mirror figure deformations for SiC and
beryllium.

LUTE will be tilted on the Moon, to assure correct pointing declination. Mirror tilt angles, as
illustrated in figure 61, were varied from 0° (horizontal) to 90° (vertical) for the lunar gravity deforma-
tion analysis.

Mirror 3

tilt 2
Figure 61. Mirror tilt angle.

The peak-to-valley and curvature deformations of a beryllium and SiC primary mirror are plotted
in figure 62.

Peak-to-Valley Deformations Curvature Deformations
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Figure 62. Lunar gravity deformations.
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In figure 62, the beryllium mirror deformed less than SiC due to lunar gravity, as was expected
since its specific stiffness is higher.

mbined Thermal an ravi ing—When only thermal deformations are
considered, SiC is better than beryllium at maintaining low deformations. When only lunar gravity
deformations are considered, though, beryllium is better than SiC. As an indication of mirror
performance under combined loading, the maximum 40° latitude thermal deformations for each material
were added to the lunar gravity deformations of the primary mirrors with a 0° tilt angle.

Table 20 shows that the SiC primary mirror performed better than the beryllium mirror, when
maximum thermal deformations were added to lunar gravity deformations, for mirrors with 0° tilt.

Table 20. Flat (0° tilt) LUTE primary mirror at 40° lunar latitude.

Beryllium Silicon Carbide
Peak-to-Valley Curvature Peak-to-Valley Curvature
Deformation Deformation Deformation Deformation
Condition W (1 deg) (W (1 deg)
Thermal 0.16 56 0.05 11
Lunar g 0.05 8 0.08 14
Sum = 0.21 64 0.13 25

Low values are better

Launch Stresses—Structural stresses were calculated for beryllium, SiC, and fused silica primary
mirrors during launch on an Atlas IIAS launch vehicle. Maximum quasi-static loads of 6 g’s axial and
2 g’s lateral were applied to the FE models.

Table 21 indicates that all three candidate mirror materials will survive launch on an Atlas ITAS,
assuming quasi-static loads and the mirror construction of section 4.2.3.3. Random vibration loads will
be significant and must be considered in future analyses.

~ Table 21. Primary mirror quasi-static launch stress.

Maximum Analysis Allowable
Material Launch Stress | Safety Factor Strength Result
Beryllium 246.7 kPa 1.4 122.86 MPa Safe
Fused Silica 299.0 kPa 3.0 TBD (>5 MPa) Safe
SiC 397.0 kPa 3.0 TBD (>5 MPa) Safe

5.3.4.4 Primary Mirror Trade Summary

Degradation of the optical performance due to thermal deformations, during the lunar day/night
cycle, was an important concern of the LUTE preliminary design study. This task necessitated close
interaction between the materials, configuration, thermal, structures, and optics disciplines.
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Three modes of thermal loading—bulk temperature excursion, axial temperature gradient, and
diametral temperature gradient—on the optics were identified. Axial gradients are more significant than
diametral gradients in causing thermal deformations. However, structural analyses indicated that the
primary mirror bulk temperature excursion during the lunar day/night cycle will drive the vertical peak-
to-valley deformation in the optics unless the primary mirror and baseplate are athermalized with respect
to each other. Athermalization, in this case, may be accomplished by matching thermal distortion simi-
larity parameters for the optics and baseplate, such as the coefficients of thermal expansion or transient
thermal distortion coefficients. A concern, however, is whether athermalization can accommodate the
large bulk temperature swings predicted for LUTE.

Trade studies for the primary mirror were discussed, including a mirror support trade and a
mirror material trade. Using separate primary and tertiary mirrors, the mirror support trade evaluated
various inner, outer, and bottom support concepts. Analysis, based on an assumed beryllium primary
mirror thermal loading, indicated that inner supports were worse than the other concepts, since thermal
deformations were larger. Outer supports and bottom supports resulted in similar deformations. How-
ever, kinematic bottom supports had the advantage of being statically determinant. As a result, a stati-
cally determinant support with three bottom-mounted flexures was baselined. Using this support config-
uration, an FE mirror material trade evaluated the thermal and lunar gravity deformations of a beryllium,
SiC, and fused silica primary mirror. At a 0" longitude, 40° latitude landing site, the maximum peak-to-
valley and curvature tilt primary mirror deformations were smaller with SiC than with beryllium or
fused silica. SiC has therefore been baselined as the mirror material for the LUTE preliminary design.

5.3.4.5 Analysis Summary for SiC Primary Mirror
I-DEAS™/FEM was used to analyze launch stresses, operating thermal deformations, and lunar
gravity deformations of the SiC primary mirror. The analysis results are summarized in table 22, given a

statically determinant mount with three bottom-mounted flexures.

Table 22. Structural analysis summary for SiC primary mirror.

SURFACE FIGURE ] STRESS
Peak-to-Valley | Curvature
deformation | deformation| Max.

CONDITION LOAD (microns) (n deg) Stress Result

Launch. Quasi-static fg's.axial £.2g.s lateral oo — 2 1.397.0kPa Safe
Operate 40° Lat. Thermal: 261K with 0.20K gradient. 0.048 10.6 278kPa} Safe
Operate 40° Lat. Lunar gravity: 1/6gwith0°Tilt, 1 0079 138 < Launchi Safe
Operate 65° Lat. Thermal load less than 40° Lat. TBD (< 40° Lat) | TBD(<40°lat) | < 40°Lat.j Safe
Operate 65° Lat. Lunar gravity: 1/6g with 25° Tilt. 0.101 16.8 < Launchj Safe

SF=30

When the 40° latitude thermal deformation results were used in the optical analysis, optical
performance was found to be acceptable, i.e., the optical spot diagram and encircled energy performance
were satisfactory.

Note that the baseline LUTE landing site is 66.5° latitude by 24.2" longitude, not 40° latitude by
0° longitude. Thermal analysis has shown that thermal loads will be smaller at 65° latitude. Thermal
deformations will also be smaller at 65° latitude. Consequently, the optical performance at 65° latitude
will still be satisfactory.

85



5.3.5 Metering Structure

The primary structural function of the metering structure is to maintain the separation distance
from the primary and tertiary mirrors to the secondary mirror and the science instrument. The structure
must be very stiff and have low thermal expansion for dimensional stability during the lunar thermal
cycle. Another objective is to minimize heat transfer to the secondary mirror and science instrument by
selecting materials with low thermal conductivity and by reducing the number of heat conduction paths.
Also, light blockage must be minimized, so that the FOV’s of the primary and tertiary mirrors are not
obscured.

5.3.5.1 Design Trade Space

Figure 63 shows the design trade space for the LUTE metering structure.

COMPONENT METERING STRUCTURE
SUPPORT PATH EXTERNAL CENTRAL
(to Primary mirror) (between Primary and Tertiary)

; Hybrid |
CONSTRUCTION Cylind y
N CcT ylinder Truss linder/Truss Truss I

7N\ /N 7\

ASSEMBLY Separate Integrated
from Bafflg with Baffle

Tilted Separate Integrated
(conic) from Baffle with Baffle

Straight

SKETCH

AN A

2 TP <RI

LA 11

P = Primary m irror
S = Secondary mtb:{zﬂ:hd nalb:{:ﬂ:cslud ml;“gfrz:sm
T = Tertiary

(a) (b) V] (d) (e) 0] (g

Figure 63. Meltering structure design concepts.

Figure 63 only shows the primary to secondary mirror portion of the metering structure. Figure
64 illustrates three possible designs for the portion of the metering structure that lies in the plane of the
secondary mirror.

Structural trades have not yet been completed to compare the seven different metering structure
design concepts. Due to heritage from previous telescope studies, the baseline design for the LUTE
metering structure was chosen to be option “c” in figure 63, a derivative of the HST straight metering
truss, external to the optics, with the structure in the plane of the secondary mirror being similar to
option “b” in figure 64.
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Figure 64. Secondary mirror enclosure options.
5.3.5.2 Back Focal Distance Thermal Disturbances

A dimensional stability requirement for the separation distance between the secondary mirror and
the other two mirrors has not yet been defined. It is possible that the LUTE metering structure may not
be able to maintain thermal deformations within the focus requirement for the entire lunar day. Conse-
quently, the effect of focal length thermal disturbances on the back focal length of the LUTE optical
system requires additional analysis in phase B.

A hand analysis of these deformations was conducted to develop an initial bounding estimate for
the preliminary design. For ease of analysis, the metering structure configuration was assumed to be an
83 cm tall cylinder external to the optics (similar to metering structure design option “a” in figure 63).
Room-temperature isotropic material properties for beryllium and graphite/epoxy were used. The
thermal loading affecting the focal length was assumed to be a pure bulk temperature excursion; no
internal temperature gradients were applied. Based on these assumptions, the change in focal length was
calculated and plotted in figure 65 as the bulk temperature excursion varied from 0 to 200 K.

The LUTE optics are currently predicted to experience a bulk temperature excursion of 200 K
from 65 to 265 K. If it is assumed that the metering structure is designed to a 165 K reference and that
its temperature range will be 165+100 K, then figure 65 shows that a beryllium cylinder will have a
maximum back focal distance change of about 940 p while a graphite/epoxy cylinder will have a
maximum back focal length distance change of about 45 p. These numbers represent an initial bounding
estimate, which is within available actuator capabilities.
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Figure 65. Metering structure thermal deformations.
5.3.5.3 Stress Analysis Results

[-DEAS™ was used to analyze the launch stresses in the metering structure. Quasi-static launch
loads of 6 g's axial and 2 g’s lateral resulted in a maximum stress of 40 MPa, located in the structural
attachments to the secondary mirror housing. The metering structure is safe with a margin of safety
equal to 7.9, which indicates that the structure can withstand combined quasi-static and random vibration
loads of 53 g’s axial and 18 g’s lateral before material failure,

5.3.6 Light Shade

The light shade FE model, geometry, and construction are described in section 4.2.3.7 of this
report. The light shade is constructed of aluminum. It has major support frames around the aperture
opening and at the top of its cylindrical section. There is also an intermediate Z-frame located at the
middle of the cylindrical section to provide additional support against buckling.

5.3.6.1 Light Shade Construction Trade

A light shade construction trade was conducted to determine the required skin thickness and
number of T-section skin stringers needed to prevent buckling of the light shade cylinder during launch.
The trade was run with skin-stringer tank analysis spreadsheet system (STASS) 1.0, an extensive system
of analysis spreadsheets developed for the analysis of skin-stringer-stiffened cylindrical shells under
compression. This tool calculates buckling margins of safety for six failure conditions, including general
instability (Shanley and Becker criteria), stringer crippling, local elastic buckling, wide column
buckling, and sheet buckling.
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A 1.4 safety factor and Atlas IIAS quasi-static launch loads of 6 g’s axial and 2 g’s lateral were
used to calculate loads for the trade, resulting in a compressive axial force of 12,855 Newtons (N)
(2,890 1b) and bending moment of 2,960 N-m (26,200 in-1b). Analysis with STASS 1.0 showed that
sheet buckling was the dominant failure condition. The margins of safety (MS) and mass (kg) estimates
for the construction trade are summarized in table 23.

Table 23. Light shade trade summary.

No. of T-Section Skin Stringers
Skin Thickness 12 18 24
0.0508 cm (0.02 in) | Ms. =027+
m=37kg
0.0762 cm (0.03 in) M.S.=0.78 MS.=2.17
m=39kg m=43kg
0.1016 cm (0.04 in) M.S. =0.68 M.S.=257 M.S.=5.23
m=42kg m=45kg m =49 kg

*Selected option.

Positive values for buckling margin of safety indicate a safe design while negative values indi-
cate structural failure. From table 23, six of the nine design options had positive skin buckling margins
of safety. The lowest mass option, 24 T-section skin stringers and 0.0508 cm skin thickness, was chosen
as the baseline light shade structural design.

5.3.6.2 Buckling Analysis of Baseline Light Shade

The baseline light shade has 24 T-section skin stringers, 0.0508 cm skin thickness, an inter-
mediate “Z”-frame, and two major support frames attached to the skin of the light shade. Spreadsheet
analysis with STASS 1.0 has determined that the stiffened light shade is safe during launch on an Atlas
IIAS. The minimum margin of safety was positive 0.27, as shown in table 24. Component-level random
vibration and shock loads have not yet been quantified.

Table 24. Buckling margin of safety summary for stiffened light shade.

Buckling
Margin of Safety
Failure Condition (Launch Loads) Result

General Instability

- Shanley >30 Safe

~ Becker >30 Safe
Stringer Crippling 26 Safe
Column Allowable 17 Safe
Skin Buckling 0.27 Safe

5.3.6.3 Stress Analysis of Baseline Light Shade

I-DEAS™ was used to analyze launch stresses in the baseline light shade. Quasi-static launch
loads of 6 g’s axial and 2 g’s lateral resulted in a maximum stress of minus 18,390 kPa, where the upper
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attachments of the electronics box support structure connect to the light shade skin. The light shade skin
is safe from material failure with a margin of safety equal to 11.9. The light shade can withstand
combined quasi-static and random vibration loads up to 77 g’s axial and 26 g’s lateral before material
failure.

5.3.6.4 Light Shade Mass
The mass estimate for the baseline light shade structure is given in table 25.

Table 25. Light shade mass summary.

CyTindrical Conic
Parts Comment Section Section Light Shade
Skin 0.0508 mm Al 2219-T§1 47kg 5.0kg 9.7kg
Stringer land Attachment for 24 stringers 0.5kg 0.5kg 1.0kg
T-stringers 24 T-section stringers 5.8kg 6.2kg 12.0kg
Z-frame Cylindrical section only  Llkg - 1.1kg |
Subtotal = 23.8kg
+Major frame: Aperture opening 6.4 kg
+Major frame: Top of cylinder 2.4kg
Total = 32.6kg
+ 15 percent for attachments and fittings 49kg |
Grand Total = 37.5kg

5.3.7 Electronics Box Support Structure

An analysis of the LUTE electronics box support structure was performed with the structure
modeled as an aluminum truss with 8 nodes, 11 circular rods, and a 1 cm thick electronics box shelf. The
reference geometry is detailed in section 4.2.3.8. Using Atlas ITAS launch loads of 6 g’s axial and
2 g’s lateral, element forces were calculated with - DEAS™/FEM analysis. Hand analysis, using the tan-
gent modulus theory, indicated that rods sized to be 1.25 ¢cm in diameter would resist the compressive
element forces calculated by I-DEAS™ without buckling. The first rod to fail is predicted to have a
critical buckling load of 1,790 N with a critical bucklmg stress of 14.6 MPa. The electromcs box support
structure weighs 8 kg.

I-DEAS™/FEM was also used to analyze the launch stresses in the electronics box support struc-
ture. Quasi-static launch loads of 6 g’s axial and 2 g’s lateral resulted in 2 maximum stress of 12.2 MPa.
This indicates that the electronics box support structure is safe since the maximum launch stress of 12.2
MPa is below the critical buckling stress of 14.6 MPa. It is estimated that the structure can survive
combined quasi-static and random vibration loads up to 7.2 g’s axial and 2.4 g’s lateral before buckling.

5.3.8 Aperture Cover

Based on historical data of HST and AXAF-I, a mass of 15 kg was estimated for a LUTE aper-
ture cover. The mass estimate assumes the aperture cover to be aluminum, like HST and AXAF. The
mass estimate is shown in figure 66.
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Figure 66. Aperture cover mass estimate.

Figure 67 shows how the mass would vary with thickness for a flat aluminum elliptical aperture

Cover.
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Figure 67. Aluminum cover mass versus thickness.

Two lightweight options for a fabric or mylar aperture cover have been identified in appendix G.
A design for the aperture cover has not been performed.
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5.3.9 Baseplate

At 40° latitude, hexapod mounts were circumferentially located at 20°, 40°, 140°, 160°, 260°, and
280° along the outside edge of the baseplate, as shown in figure 68(a). The reference landing site for
LUTE has been moved to 66.5° latitude. Landing at this latitude required a new mount to accommodate
the pointing requirement of the 40° declination. Restraints for this new mount have not yet been
incorporated into the structural baseplate model, although the two mounts are fairly similar. It is
expected that analysis results will remain valid in either case.

4 LUTE M
@ = structural hardpoint. !
140° 40° Baseplate T{ardpoints
160° 20° Vibration isolation system
X (pending design)
I
Basdplate Roll Ring
R = radius Azimuth-elevation mount
260° | 280° |
\_ Lander J
(a) 40° Latitude Mount (b) 65° Latitude Mount

Figure 68 Intéfface hardpoints from LUTE to the lander mount.
n \Y late Material—Using the reference baseplate geometry described in
section 4.2.3.11, FE analyses evaluated the stresses that would develop in different baseplate materials
during launch on an Atlas ITAS. Results from these analyses are summarized in table 26.

Table 26. Baseplate launch stresses versus material selection.

Baseplate Max. Launch  Allowable Stress

Material Mass {  Stress Strength margin of safety { Result

Beryllium 26 kg 6.3 MPa 389.1 MPa 60.8 Safe

Titanium 63 kg 4.3 MPa 541.7 MPa 125.0 Safe

Graphite/Epoxy 24 kg 6.8 MPa 356.1 MPa 95.5 Safe
SF=14

The baseplate launch stress analyses show that all baseplate materials will be safe during launch
on an Atlas ITAS, with high margins of safety. It is anticipated that the baseplate structures will still be
safe with the new 66.5° latitude mount.

late Material Selection—The choice of a baseplate material is largely dependent on the
material selection of the mirrors that will be supported by it. As discussed in section 5.3.4.1, athermal-
ization between the optics and baseplate, by matching coefficients of thermal expansion, is very
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desirable because this will reduce optical deformations induced by bulk temperature excursions. When
beryllium optics were being considered, a beryllium or titanium baseplate appeared feasible. However,
now that the reference optics are SiC, a graphite/epoxy baseplate would be a better material choice.

5.3.10 Component Trade Summary

Most of the structural analysis trades focused on thermal deformation analysis, mirror support
trades, and mirror material trades for the LUTE optical system. The selection of an optical mirror
material must be one of the first considerations when designing a lunar-based telescope, since the mirror
material selection influences the selection of materials for the rest of the telescope, as illustrated in table
27, due to athermalization schemes and back focal distance requirements.

Table 27. Impact of mirror material selection on structural mass.

Mirror Material Selection

Impacted Structural Beryllium Silicon Carbide
Components Material Mass (kg) Material Mass (kg)

Mirror (P&T) Beryllium 0-50 12+1 | SiC 19+2
Mirror Support Flexures (P&T) | Ti-5Al-2.5Sn 3+2 | Graphite/Epoxy 1+1
(or) Invar 5+4
Baseplate Beryllium 26 | Graphite/Epoxy 24
(or) Ti-SAI-2.5Sn 63 | (or) SiC/Al MMC 41

Metering Structure
- Truss rods Graphite/Epoxy 11 | Graphite/Epoxy 11
— Spider Be 1-250 10 | Graphite/Epoxy 9
— Secondary mirror housing Ti-5A1-2.5Sn 2 | Graphite/Eoxy 1
Secondary Mirror Beryllium 0-50 2 ]SiC 4
Total = 69 or 106 72,79, 89, or 96 kg

Results from the other component structural trades are summarized in table 28. These results
have been incorporated into the reference structural design described in section 4.2.3, Baseline Structural
Design.

5.3.11 Integrated LUTE Structural Model
As designs for components were selected, they were incorporated into an integrated FE model of
the LUTE structural system. The FE’s used in the structural model are listed in section 5.3.1, figure 68.

The integrated structural model was used to calculate interface loads, siresses, and frequencies for the
baseline configuration.
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Table 28. Summary of structural trade results.

Structural
Components Trades Results

Mirrors Temperature effects. | Axial gradient more significant than diametral gradient.
Athermalization. Match thermal distortion parameters of baseplate and optics.
Substrate trades. Separate substrates for primary and tertiary mirrors.
Construction trades. Closed back design, heritage from past studies, is reasonable.
Material trades. SiC baselined.
Tile from 0° to 90°. Lunar g deformations tend to increase with mirror tilt angle.

Mirror support structure Support concepts. Kinematic supports with three bottom-mounted flexures.

Metering structure Design concepts. External metering truss due to heritage from past studies.
Material trades. Graphite/epoxy chosen over beryllium.

Light shade Construction trades. 24 T-section skin stringers and 0.0508 cm skin thickness.

Aperture cover Design concepts. Three designs identified but not analyzed.

Baseplate Athermalization. Maich thermal distortion parameters of baseplate and optics.
Material trades. Graphite/epoxy due to athermalization with SiC.
Interface reactions. Loads calculated for 40° site mount, pending for 65° site mount.

5.3.11.1 Interface Hardpomts From LUTE to the Lander Mount

The LUTE was 1mt1ally planned to land at 40 latltude and 0° longitude. The interface points for
the 40° latitude mount are shown in figure 68(a). Hardpoint locations were determined by the controls
system; hexapod actuators were to be attached to the LUTE baseplate at these hardpoints for the 40°
latitude mount.

The mterface hardpomts from LUTE to the lander mount, at 65° latitude, have not been defined,
because the vibration isolation system between the baseplate and roll ring is pending design in phase B.

5.3. ll 2 Interface Loads

Interface reactions for the 40° lautude mount were calculated in both cylmdrlcal and cartesian
coordinates. Coordinates are shown in table 29. The interface reactions represent limit loads with a
factor of 1.0 and were calculated using Atlas ITAS quasi-static launch loads of 6 g’s axial and 2 g’s
lateral.

The analytical work on the 66.5" latitude mount will be performed in phase B.
5.3.11.3 Stress AnalySIS

A linear statics stress analysis with -DEAS™/model solution determined that the reference

designs and mass estimates for the LUTE structural components were reasonable. Quasi-static loads of 6
g’s axial and 2 g’s lateral, representing maximum launch vehicle loads on an Atlas ITAS, were applied to

the model. Table 30 summarizes the results of the FE stress analysis.
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Table 29. Quasi-static reactions forces (N) for 40° latitude mount.

Cylindrical Cartesian
Point Radial Tangential Vertical Magnitude
Fr Ft Fx Fy Fz

20° -5265 -1974 -4272 -3656 6562 8642

40° -3248 474 -2792 -1725 2747 4280
140° -1063 -13 822 -674 1101 1530
160° 28 -401 111 386 -694 801
260° -1290 237 457 1229 -85 1314
280° 4212 1677 920 4439 4635 6484

Table 30. LUTE linear static stress analysis with Atlas IIAS launch loads.

Maximum
Launch Stress Allowable Stress
Structure (kPa) Location Strength (MPa) M.S. Result

Integrated FE model 40,000 Metering structure. — - -
Baseplate -9,640 Above hexapod mount. 356.07 >20 Safe
Primary mirror 426 Outside and inside, near mounts. 1¢1) - Safe
Metering structure

Spider 40,000 Attachments to secondary housing. 356.07 7.9 Safe

Truss —680 Near baseplate attachment. 356.07 high Safe
Light shade

Skin -18,390 At electric box upper attach. 236.36 119 Safe

T-Stringers -14,700 Near electric box lower attach. 236.36 15.1 Safe
Electronics box support 12,170 Upper light shade attach. rods. 236.36 >20 Safe

SF=14

Stresses developed in the LUTE structural components are acceptable, with high margins of
safety. Positive margins will be maintained for the structural system even if the combined quasi-static
and random vibration load factors increase up to 53 g’s axially and 16 g’s laterally. For some compo-
nents, especially the mirrors and metering structure, stiffness and deflection requirements will probably
influence the structural design more than the stress requirements.

5.3.11.4 Normal Modes Analysis

A normal modes analysis with -DEAS™/model solution determined if the reference structural
design violated Atlas IIAS payload frequency constraints. Figure 69 shows the first mode shape of the
integrated structural model at 20.8 Hz.

A summary of all the frequencies from the FE normal modes analysis appears in table 31. Note
that the first three normal modes involved vibration of the conic section of the light shade. Conic
sections are inherently less stable and stiff than cylindrical sections. Equipment must be attached to the
cylindrical section of the light shade instead of the conic section. If equipment must be attached to the
conic section, it should be attached as low as possible.
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Figure 69. First natural frequency mode shape.

Table 31. LUTE structural natural frequency.

Natural Violates Adas I
Mode | Frequency (Hz) Description Constraints?
1. 20.8 Lateral (E to W) vibration of light shade conic section. No
2. 229 Axial vibration of light shade conic section. No
3. 23.7 Lateral (N to S) vibration of light shade. No
4, 36.7 (Pictorial output not obtained.) No
b 38.5 (Pictorial output not obtained.) No
6. 389 (Pictorial output not obtained.) No

Analysis predicts that the LUTE will not violate the Atlas ITAS payload frequency constraints.
Atlas TIAS frequency constraints, listed in section 4.2.3.1, are that the first lateral mode must be above
10 Hz and that the first axial mode must be above 15 Hz.

5.3.12 Structural Mass Estimate

A summary of the structural mass estimate for the baseline LUTE preliminary design appears in
table 32.

5.3.13 Analysis Conclusion
Individual detailed component analyses and trade studies were completed and documented.

Thermal deformations for the SiC optics were calculated and found to be acceptable. The LUTE
components were analyzed as an integrated structural system. Natural frequencies for the combined

structure meet Atlas ITAS requirements, and computed launch stresses are below material failure criteria.

Launch loads were the driving load condition. The mass estimate for the structural system is
122 kg. These analyses show that the structural system for LUTE is adequate and safe.
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Table 32. Structural mass estimate for baseline design.

Component Material Mass (kg) | Scaled  Hand FE
Mirror Support Structure
Flexures
— Primary Graphite/Epoxy 1 X
— Secondary Graphite/Epoxy 1 X
- Tertiary Graphite/Epoxy | X
Launch Locks TBD _TBD
Metering Structure Graphite/Epoxy X
~ Truss rods 11
— Spider 9
— Secondary mirror housing 1
Optical Baffles Al2219
— Primary baffle 12 X
— Secondary baffle 0.5 X
— Tertiary baffle 1 X
- Science instrument 0.2 X
Light Shade Al 2219
— Skin 11 X X
— Support frames 12 X X
— Skin stringers 14 X X
Miscellaneous
— Power system attachment TBD TBD
- Electronic box upport Al 2219 8 X X
— Aperture cover Aluminum 15 X X
Telescope Baseplate Graphite/Epoxy 24 X X
Total = 122

5.4 Electrical Power System (EPS)
5.4.1 LUTE Power System Trade and Selection Criteria

The lunar surface environmental conditions, coupled with the lunar cycle of approximately 28
Earth days (14 Earth days of sunlight followed by 14 Earth days of darkness), placed a significant driver
on the selection of a LUTE power system. The early goal of keeping the total LUTE mass to 200 kg
placed further constraints on the EPS design. Using the above criteria, the logical candidate power
source was a solar array without an energy storage system or an RTG. Study guidelines of minimizing
program cost and a 1998 launch date would also influence the selection. To a lesser degree, the power
systems selection would be influenced by the expected LUTE system power growth and the relatively
short mission life. It was recognized that the solar array selection would restrict LUTE operations to the
lunar day. Additionally, the absence of electric power during the lunar night limits the design approach
of the thermal control system to meet the thermal requirements of the various subassemblies. For these
reasons the option of using an RTG was kept as a candidate for the power system. EPS requirements are
summarized in table 33.
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Table 33. EPS requirements/selection criteria.

85 We ave.)
* Program cost

* Program management

* Primary power system (i.e., no energy storage)
* 2 year minimum life

* Operate in lunar environment (dust, temperature, radiation, etc.)

* Accommodate growth in power requirement as study matures (initial requirement

Primary Candidates

- Solar Array—Sunlit period operation only
_- RTG continuous operation*

*Selected for current design.

5.4.2 EPS Candidate Comparison

Some of the major engineering and program management considerations that need to be consid-
ered in the final selection of the LUTE power system are listed in table 34. It should be emphasized that
these comparisons are not intended to be totally inclusive. As the study matures, increases in mass,
overall complexity, interaction with other subsystems, and cost will play a significant role in the final

selection of the LUTE power system.

Table 34. EPS candidate comparisons.

S/A RTG

Launch/Prelaunch Stowed Requires cooling on pad
Transit Stowed Could supply power to lander
Initial Deployment Primary battery required Self sufficient
Life Degrade with thermal cycling More complex, voltage regulation

radiation and dust (25 percent required.

allocated)
Lunar Environment S/A fabrication to accommodate | Minimal effects

temperature extremes
System Impacts Required solar orientation Thermal and radiation

environment impacts

Growth Govemed by packaging volume, | Current technology up to 300
deployment complexity, and W/unit
mass budget

Cost Minimal cost system 56 times S/A cost

Program Management

Well understood MSFC
experience

Complex: Heavy DOE
involvement; no MSFC
experience
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5.4.3 LUTE Power Requirements

LUTE power requirements for each mission phase are shown in table 35. The normal LUTE
operating power is 79 W. However, during the mission phase of optical train alignment power
requirements approach 95 W. The intermittent mission phase accounts for the possible occurrence of
minor realignment of the optical train due to mechanical thermal disturbance. For this phase of the
mission, 92 W is expected to be the maximum power requirement.

Table 35. Power requirements (W) for each mission phase.

Subsystem Acquisition* Operation Intermittent®

Sun Sensor 28

Roll Ring Assembly 10.0

Mount Actuators 420 20 42
Secondary Mirror Actuators 24 30
Detector Electronics 10.0

C&DH 50.0 65.0 50
Antenna Drive 18.0 18
Maximum/Phase 94.8 79.4 92

*All items not on simultaneously.
5.4.4 Use of Solar Array

The use of solar array power system, based on an average lunar day power requirement of 80 W,
is described in figure 70. The solar array area is based on 130 W/m2 performance with allowances made
for temperature degradation and lunar dust effects. A total degradation of 25 percent was allowed as a
result of radiation damage and dust accumulation.

Power Req. 85 Walts

Power System Description

@ Solar Array 28m2  10kg
{fixed)
® Primary Battery 5kg
(for deployment)
® power Distr. Reg. 9
24 kg'

*Mounting hardware & development mechanisms
not included

Deployed S/A
Figure 70. EPS solar array description.
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The solar arrays are mounted above the rollring and are oriented with the centerline along the
north-south direction by the telescope pointing system. The arrays are nontracking and, therefore, must
be oversized to accommodate the Sun incidence angle loss. The arrays must be deployed from their
stowed positions to align the normal of the arrays to the plane of the solar vector. The angle of deploy-
ment is equal to 90° minus the latitude of the LUTE landing site (fig. 71). This angle is preset before
launch. The array has a tent cross-section (fig. 72). The tent configuration is modeled such that the
power at sunrise and sunset is equal to that at high noon. The final configuration (see fig. 70) consists of
four panels, panels 1 and 4 are fixed while panels 2 and 3 require deployment. Panels 1 and 4 are
illuminated only during low Sun angles and are not sensitive to latitude. Designing the array as a four-
panel configuration helps accommodate packaging within the allowable constraints.

Solar Vector

L =90°- Lat.

Figure 71. LUTE solar array Sun angle.

Sun at Lunar Mid Day

Incidence Angle * * * * Incidence Angle
at Mid Day at Mid Day
-——> <—
Array Normal Array Normal
Sun - Incidence Angle Incidence Angle ~-— Sun
at at Sunset at Sunset at
Lunar Lunar
Sun 2 . Sun
Rise Rise
__> el
Major Factors of Array Performance
+ Area # Array oriented such that the
* Incidence Angle normal to the array panels
» Temperature lies in the plane of the solar vector
» Degradation
Figure 72. LUTE photovoltaic power system.
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5.4.4.1 Solar Array Requirements

The power source, when utilizing a solar array, must be designed for the nominal operation
power condition; however, as noted from the power requirement of table 35, there are expected power
levels during the acquisition phase as power levels approach 95 W. During this phase, a supplemental
primary lithium battery could be used to supply power to the Sun sensor and rollring assembly. The
battery is sized, however, to have the required energy to completely perform the entire mission phase of
acquisition. The normal operational power required by LUTE is approximately 79 W. The array must be
designed and sized to supply this amount of power under the worst case condition at the end of life
(EOL). From figure 73, it would be represented by the combined array output when operating at
approximately 58 percent of the array’s capability. Due to the temperature rise of the array as the lunar
day progresses and the incident angle of the Sun vector to the plane of the arrays, the output power will
vary for the eastward and westward pointed array, as shown. By utilizing the inherent characteristic of
this solar array configuration and the effects of solar cell temperature, the average power output is
sufficient during parts of the lunar day to supply the intermittent power requirement if these power
consuming functions are timed to occur at high Sun incidence and low temperature conditions, as shown
in figure 73. The power level requirement for the intermittent phase is expected to be 92 W. These
power levels can be accommodated early in the mission, but at the EOL, the power required exceeds the
worst-case design capability. However, this can still be accommodated by proper time of day selection
to perform the alignment. Figure 73 shows that the array can provide the required power except at the
minimal output periods at approximately the 10 and 2 o’clock Sun positions. Timing actuator operations
should alleviate this problem.

1.2

of Array Capability

——  Eastward Array

0.4 -
—e—— Westward Array
=S 7 —a—— Combined Output
0.2 A
0.0 T | v T v ' i
0 100 200 300 400

Time from Sunrise in Hours

Figure 73. LUTE solar array performance.

101



5.4.4.2 Solar Array Performance

Solar array cell performance is significantly affected by cell temperature; therefore, it was
necessary to determine the expected solar array temperature for a lunar day/night cycle. Figure 74 shows
a plot of these temperatures. The high temperature is approximately 370 K and the low temperature is
approximately 78 K. It should also be noted that the eastward pointing array and the westward array
experience the same temperature delta, but at different times of the lunar day. This fact has been utilized
to improve LUTE system performance as addressed in figures 74 and 75.

T 3000 [// v \ \ Westward Array
e ' { \
m 4
g Eastward Array A
r
a
t
u 2000 B I
r
e
(Kelvin)
100.0
77.9 - \i — “‘MJ
640.0 800.0 1000.0 1200.0 1299.9
Time (hours)
Figure 74. Solar array temperatures.
100 worst case BOL; ’
capability R
80 \
current design
E3 worst case EOL
=
. 6o
-3
&
g a0
Ty}

0 ¥ =
act roll ant [} oper < act secm ant
Acquishion Operation Intermittant
Phase Phase Operation

Figure 75. LUTE power requirements by phase.
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5.4.5 Use of an RTG

The use of an RTG for the LUTE EPS is described in figure 76.

Telescope Power Capablllty 300 watt
EPS Mass
RTG 56.2 kg
i Regulator 12 kg
Landing Legs Distribution 10 kg
RTG

Figure 76. EPS RTG description.

Consultation with the Department of Energy (DOE) and General Electric (GE) Aerospace on the
configuration, mass, and cost of an RTG has shown the configuration that represents the least cost and
earliest availability approach consists of one-half (150 W) of the current general purpose heat source
(GPHS) RTG. The power level, delivered by this configuration, is compatible with the current LUTE
requirement with approximately 100 percent growth. However, the full 300 W RTG has been selected
for LUTE, as discussed in the following.

5.4.5.1 RTG Requirements

The requirements of the LUTE RTG would be to maximize the use of the current RTG. This
configuration would minimize design, qualification test, and to some degree, meet the required compli-
ance of the National Nuclear Safety Policy. These conditions can be best met by using the GPHS RTG,
used on the Galileo and Cassini spacecrafts. If the 150 W power level were desirable, the physical
configurations and designs of this RTG could be used by reducing the thermoelectric converters and
plutonium general purpose heat sources of the GPHS RTG by 50 percent and retaining the end cap and
mounting flange. The gas management assembly would have to be redesigned.

5.4.5.2 RTG Performance

The design of the Galileo-type RTG is based upon a considerably longer lifetime requirement
than that proposed for LUTE. This RTG offers a distinct advantage. Additionally, the ability for lunar
day and night operation, with possibly only a minor drop in power output, will offer considerably more
flexibility for LUTE performance and system operations. The RTG, as designed, for Galileo has a
restriction upon the ambient temperature maximum limit of 563 K. In addition to the physical dimension

103



changes to the GPHS and thermoelectric generator, there is some reduction in output power of the RTG
as the cold junction of the thermoelectric generator increases the effect of background temperature on
the available power, as shown in figure 77.

500
g 400 -
&
o .
& 300
w
=
[=]
=
3 200
[+
T
1’4
Q
<
@ 4004
Y T T T I ' T T T T i T T T
138 140 142 144 146 148 150 152

AVG PWR
Figure 77. RTG power output versus background temperature.

5.5 Thermal Control System

The procedures and requirements used to define the LUTE TCS are described below. In addition,
the trade studies and analyses conducted are discussed and general conclusions are presented. Telescope,
detector, and subsystems thermal control are treated separately. A baseline telescope system is described
for use as a reference point in the trade studies. Please note that this baseline is not the LUTE reference
configuration.

5.5.1 Procedure

A combination of hand calculations, simple and detailed math models, and consultation with
vendor representatives has been used to develop and evaluate options for the LUTE TCS. The analysis
tools used are listed in table 36.

As indicated, spreadsheet calculations were used for quick estimates and preliminary assess-
ments. Thermal Radiation Analyzer System (TRASYS) and Systems Improved Numerical Differencing
Analyzer (SINDA) models were used in conjunction for heat transfer analyses, primarily of the detector
radiator and the subsystem radiator. Models constructed using - DEAS™ were used in the thermal
model generator (TMG™) program for more detailed analyses of the primary mirror, light shade, and
subsystems. The TRASYS and TMG™ programs calculate radiation conductors and orbital heating at
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Table 36. Analysis tools.36-40

Code Platform Function

Excel Macintosh Spreadhseet, quick estimates of temperature, heat
rejection capability, etc.

TRASYS VAX Radiative heating calculations

SINDA 85 VAX Heat transfer calculations with input from TRASYS
model

[-DEAS™ SG 4D/35 W/S Model generation and postprocessing of results

™G™ SG 4D/35 W/S Radiative heating and heat transfer analyses

specified times during an orbit, based on the model geometry and orientation. SINDA and TMG™ are
used to conduct either transient or steady-state heat transfer analyses, considering thermal capacitance,
radiation, convection, and conduction. Boundary conditions are specified by the user. Output from a
transient analysis is in the form of time-varying element temperatures, supplemented by heat flux
through specific conductors, if desired.

5.5.2 Trade Description

Trade studies were conducted in several areas, indicated in table 37, to understand the implica-
tions of different TCS and configuration options, to provide a basis for evaluating them, and to support
selection of a preferred option.

The TCS trade criteria included performance of the optical system (related to mirror temperature
differential and bulk temperature swing) and the performance of other elements of the TCS, such as the
detector radiator and the subsystem thermal control.

5.5.3 Telescope Thermal Control

The thermal analysis of the telescope has focused on the LUTE primary mirror and light shade.
Some temperature predictions are also available for the tertiary mirror, but will not be discussed in this
report. No temperature predictions have been made for the secondary mirror or the metering structure.
Thermal requirements for the telescope, as well as analyses and results for the baseline configuration and
trade studies, are discussed in the following sections.

5.5.3.1 Requirements

The telescope thermal requirements will be derived from the optical requirements listed in

table 6. Deformations induced by temperature gradients within the mirror and its supporting structure
have an adverse effect on optical performance. In addition, due to bulk temperature swings experienced
by the mirror and its supporting structure, changes in the shape, spacing, and orientation of the optical
elements require correction. For these reasons, both temperature differential within the mirror and bulk
temperature changes during the operating period must be minimized as much as practical. As used here,
temperature differential refers to the maximum temperature difference between any two points on the
mirror at a particular time. Bulk temperature change refers to the difference between the maximum and
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Table 37. Summary of trade studies performed.

Trade

Options

Isothermal Enclosure

Isothermal Rings

Isothermal Basket

Isothermal Light Shade
Isothermal Baseplate and Ring
Isothermal Baseplate

Light Shade

Cylindrical With Insulation
Cylindrical Without Insulation
Thermal Control Baffles

65°N Latitude With 25° Tilt

Low Emissivity Light Shade Interior
External Ground Shade

Site Latitude

40°
48.5°
57
65°

Mirror Construction and Support Structure

One-Piece Primary/Tertiary With Ring
Two-Piece Primary/Tertiary With Ring
Two-Piece Primary/Tertiary With Three-Point Flexures

Lunar Surface Optical Properties

Low o, Low ¢
High o, Low €
Low o, High €
Low o, High g, Low £ Light Shade

Light Shade Baffles

Angled
Rings

Light Shade Flare Angle

5
10°
15°

Mirror Material

Beryllium
SiC
Fused Silica

Effect of RTG Location

North Side on Lander Leg
South Side on Lander Leg

Detector Cooling

Passive Radiator
TEU plus Radiator
Alternatives

Electronics Box Radiator Position

North Side
East/West Side
South Side

Electronics Box Night Heat Source

Heater
Electronics Operating
Phase Change Material

Electronics Box Radiator Cover

Louvers
Insulated Door

TYT
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minimum temperature of the mirror during a lunar day/night cycle. As will be seen, light shade tempera-
ture has a significant effect on mirror temperature differential, mirror bulk temperature swing, and detec-
tor performance. Therefore, mirror temperature differential, bulk temperature swing, and light shade
maximum temperature will be used to evaluate telescope thermal control options.

The allowable temperature gradient and total bulk temperature change has not yet been quanti-
fied and can only be determined by much more detailed thermal, structural, and optical analyses. It is
expected that the allowable gradient will eventually be specified as a set of temperature differentials in
the axial, diametral, and circumferential directions. The bulk temperature change allowable may be
specified as a maximum and minimum allowable temperature during operation, with or without a maxi-
mum rate of change specified. These requirements will be influenced by the choice of mirror material
and construction and by the support structure design.

Mass and power constraints strongly suggest a passive thermal control system, although low
power heaters may be an option, with the availability of an RTG.

5.5.3.2 Initial Thermal Analysis

I-DEAS™ TMG™ thermal models were used to predict mirror temperatures and to determine
what factors influence the primary mirror temperature distribution. A reduced model with approximate
geometry and a greatly reduced number of elements was used to determine factors influencing light
shade internal temperatures and evaluate concepts in a quick fashion, while a more detailed model with
accurate mirror geometry was used for actual mirror temperature predictions.

The geometry for the baseline configuration is shown in figure 78. The model is assumed to be
located on a flat site at 40° north latitude with the sunshade rotated so that its highest point is to the
south. Note that for the reference configuration, LUTE is located at a 65° north latitude, but still views
at a 40° declination.

5.5.3.3 Model description

The two basic computer models used for this effort will be referred to as the reduced model and
the detailed model. Both consist of the same basic elements: light shade, external insulation, mirror,
lander body, lunar surface, and subsoil. In both cases the mirrors and light shade are beryllium, the
external insulation is MLI, the lander body is aluminum, and the lunar surface properties are based on
information obtained during the Surveyor and Apollo programs.4!

Figure 79 shows how the lunar surface was simulated in the model and the arrangement of
elements simulating the surface. The curvature of the Moon was simulated and a large enough portion of
the lunar surface was modeled to adequately represent radiation interchange between the LUTE and the
surface. Surface material thickness and subsoil temperature were varied to obtain a day/night tempera-
ture profile that simulates measured lunar surface temperatures.

The 40° north latitude location was simulated by tilting the entire model 40° from the solar vector
and placing the model in a planet oriented orbit about the Earth at a radius of 390,290 km. The solar
declination was specified as —23.5° and the orbit inclination was specified as 25° to simulate correct
lighting conditions for midsummer on the Moon, which is the hot case lighting condition. The solar flux
is 1,353 W/m2, the Earth infrared flux is 236 W/m?2, and the Earth albedo factor is 0.35.
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A
: Solar
vector
<«
40°N
287m .
57 5o Latitude
LUTE 0.93m
0.46m EE 1.25 m ,
Bottom of tertiary mirror is 6 cm
above the baseplate.
Lander 0.89m  ® Tepiary mirroris 0.14 m dia.
@ Primary mirroris 1 mdia. -
with a 0.5 m dia central hole
l €<——254m ——»

0.76 m

i , Lunar surface

Figure 78. Baseline model geometry.

. Direct solar Surface nodes are segments of
Heat sink: Boundary radiation during concentric rings, extending from LUTE
node representing space day base to a radius of 800 m.

atoK

Surface node
representing a given LUTE
area, with a soil

density of 1968
kg/cu. meter \

Linear conductor

representing 7.5
Boundary node cm. of regolith

representing
subsoil at 253.5 K\

Preliminary analyses indicated that if the thermal analyses are begun with the initial tempera-
tures, as shown in table 38, the effect of the initial temperature is eliminated by the second diurnal cycle.
All results presented are for the second diurnal cycle of a simulation. All simulations begin at sunrise
and output is typically recorded at 10 hour intervals.

Figure 79. Lunar surface simulation.
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Table 38. Model initial temperatures.

Component Initial Temperature (K)
Mirrors 100
Light shade 110
Baseplate 110
MLI 110
Lander 110
Lunar surface 100
Subsoil 2535
Space 0

Assumed internal construction of the primary and tertiary mirrors is shown in figure 80. The
sandwich core of the mirrors was simulated as a linear conductance based on the area of the core
material in contact with the face sheets. This construction was used for all mirror materials evaluated.

1 mm thick
core walls

»
/ 6cm

* thick

*3 mm thick
face sheets

Top view Side view
Figure 80. Mirror construction.
The reduced model, shown in figure 81, has a square light shade and mirror to reduce the number

of elements in the model, which reduces the time between concept generation and availability of analysis
results.
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Simplistic mirror
modet included
Light shade

North

Lander body

Figure 81. Reduced LUTE TMG™ model.

The total number of elements included is 210, with 20 of those representing the telescope and the
rest representing the lander and the lunar surface. The primary mirror is composed of four elements, two
on the top surface and two on the bottom surface. These are oriented to represent the north and south
halves of the mirror.

The detailed thermal model, shown in figure 82, has 112 elements representing the primary
mirror and 64 representing the tertiary mirror for the thermal analyses. The primary and tertiary mirrors
are located on the same blank of material and are connected by a ring of elements. The primary mirror is
assumed to be supported by a continuous ring at the outer diameter. The model consists of 575 elements
with run times of 13 to 36 hours, depending on the degree of element merging and presence of additional
elements requ1red fora partlcular trade study.

Internal baffles, metering structure, and secondary mirror are not included in this thermal model.
These components will have some effect on mirror temperatures and should be evaluated in future
activities.

There is some concern about the precision of the analytical results from these models. Model
inputs such as material properties, optical properties, and geometry are typically known to one or two
significant figures. Results have been presented to two significant figures in most cases. However, errors
of 5 to 10 K are not uncommon for a thermal model. Additional information on the environment and
physical construction will improve the accuracy in phase B.

5.5.3.4 Material Properties
Table 39 indicates the major parts of the LUTE and identifies the material, thickness, and optical
properties used for each. The baseline model was generated before the concept was well defined and

does not necessarily represent the reference configuration. For instance, the light shade is not beryllium
in the reference configuration and the lander body is not necessarily aluminum. In addition, beryllium
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Light shade

Lander body

One-piece primary and
tertiary mirror (enlarged)

represent primary mirror

Inner 2 rows of elements
represent tertiary mirror

North

Figure 82. Detailed LUTE TMG™ model.

may not be the material selected for the optical elements. These assumptions were made in the early part
of the study and the materials have not been changed to preserve the consistency of the trade studies
done with the models. In general, the trends observed should be valid, even though the actual tempera-

tures will be affected if significant material changes are made.

Insulation thicknesses were chosen based on previous work done for the LTT.42

Table 39. LUTE thermal analysis materials.

Component Material Thickness Emissivity (e) Absorptivity (a)
Mirror (front) Beryllium see fig. 82 0.03 0.09
Mirror (back) Beryllium see fig. 82 0.5 0.05
Light shade Beryllium 0.11cm 0.8 0.8
Baseplate Beryllium 1.0 cih 0.8 0.8
Light shade ins. MLI 0.625 cm 0.78 0.2
Baseplate ins. MLI 1.27 cm 0.2 0.2
Lander Aluminum 1.0cm 0.78 0.28
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5.5.3.5 Initial Results

These results are for the detailed thermal model, pointing to zenith at the 40° north location, with
nominal optical properties and insulations and no heat pipes or other devices to reduce temperature
gradients. Primary mirror temperature versus time is shown in figure 83. The total mirror temperature
swing is 161 K and occurs, roughly, between dawn and local noon. The maximum primary mirror
temperature differential is 0.35 K and the average temperature differential is 0.25 K.

250

/

N
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Temperatura (K)

N
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50

220 330 440

Time {Hours from Dawn}

550 660

Figure 83. Primary mirror temperature for baseline.

A representation of the mirror temperature distribution for local morning, noon, and late after-
noon is shown in figure 84. This illustrates the hot spot on the primary mirror, which is located on the
north side at midday, but generally moves from the east to north to west during the day. Figure 85 shows
the Tight shade temperature at local morning, noon, and late afternoon, which influences the mirror hot
spot. The upper internal surface of the light shade is significantly warmer than the lower portion at
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Figure 84. Baseline primary mirror temperature distribution (top view).
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Figure 85. Baseline light shade temperature distribution.

midday because of radiation interchange between the upper light shade (high emissivity) and the lunar
surface (high emissivity and =368 K) illustrated in figure 86. Another contributing factor to the mirror
hot spot is early morning and late afternoon “peek over” of solar radiation, in which sunlight impinges
directly on the upper east or west edge of the light shade interior as shown in figure 85. This phenom-
enon occurs near local midsummer and is due to the slight tilt of the Moon’s axis of rotation with respect
to the ecliptic pole. A third contributor to the temperature differential across the primary mirror is the
asymmetric view to space of the primary mirror illustrated in figure 86. The light shade is truncated at a
57.5° angle to prevent sunlight from impinging directly on the north side of the light shade and heating
the shade. The 57.5° shade angle also precludes earthlight from entering the telescope. However, this
causes the south side of the mirror to have a more favorable view to space than the north side of the
mirror. Finally, the mirror temperature is influenced by the baseplate and light shade, which radiate and
conduct heat to it, but are not heated uniformly by the environment.

Solar U - arior of light
ot pper interior ol iig
Radiation shade is heated by
radiation from the Lunar

surface

North

@ north < & south /

- Asymmetric
mirror view 1o space

Lunar surface
radiation

A

Figure 86. Sources of temperature differential in primary mirror.
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5.5.3.5.1 Isothermal Enclosure Trades

The objective of this trade was to examine the influence of the primary mirror’s surroundings on
temperature differential and bulk temperature swing and to identify options to reduce those parameters.
The five isothermal enclosures examined are isothermal rings, isothermal bucket, isothermal light shade,
isothermal baseplate and ring, and isothermal baseplate, which are shown along with the baseline in
figure 87. Thermal analysis and results for the baseline configuration (fig. 87(a)) have been discussed
previously. The enclosure options examined and corresponding analysis results are discussed in the
following paragraphs.

[sothermal Rings—The four rows of light shade elements in the TMG™ model were modified by
using four merge sets so that the model simulates four highly conductive rings around the light shade as
shown in figure 87(b). Each of the four rings is isothermal. In addition to the light shade rings, the
baseplate inner surface was forced to be isothermal. Primary mirror temperature distribution at noon is
shown in figure 88. The mirror maximum temperature differential is 0.3 K, the average temperature
differential is 0.16 K, and the bulk temperature swing is 174.6 K. This represents a slight improvement
in mirror temperature differential, but an increase in bulk temperature swing from the baseline. In
addition, it may be impractical to achieve this effect.

Isothermal Bucket—In this concept, illustrated in figure 87(c), elements of the inner light shade
below the secondary mirror position were merged so that they are forced to an average temperature. This
simulates a highly conductive bucket, including the baseplate, which encloses the optical system.
Primary mirror temperature distribution at noon is shown in figure 89. The maximum primary mirror
temperature differential was 0.06 K, which is a significant reduction from the baseline case. The mirror
bulk temperature swing is essentially the same as for the baseline case. An additional advantage of this
option is that the metering structure temperature differential would also be reduced from the baseline.
However, an isothermal bucket such as this one may be difficult to achieve without significant mass
penalties.

[sothermal Light Shade—All elements forming the inner light shade surface, including the base-
plate, were merged and forced to an average temperature so that all light shade surfaces visible to the
mirror would be at the same temperature at a given time. This is illustrated in figure 87(d). Primary
mirror temperature distribution at noon is shown in figure 90. The maximum primary mirror temperature
differential of 0.09 K is a significant reduction from the baseline case, though the reduction is not quite
as large as for the isothermal bucket option. An interesting result of this analysis is that the remaining
gradient across the mirror (about 0.09 K) can be attributed entirely to the asymmetric view to space of
elements on the primary mirror. The maximum mirror temperature, and thus the bulk temperature swing,
for this option is higher than for the isothermal bucket option or the baseline. This warmer mirror results
in a larger temperature differential across the mirror than for the isothermal bucket option because the
asymmetric mirror view factor to space is more influential for higher mirror temperatures.

Isothermal Baseplate and Ring—In an effort to determine the minimum isothermal area, which

would be effective in reducing the temperature differential across the primary mirror, the lower ring of
elements on the light shade interior and the baseplate elements were merged as illustrated in figure
87(e). Primary mirror temperature distribution at noon is shown in figure 91. The maximum mirror
temperature differential of 0.06 K and the bulk temperature swing of 160.6 K are essentially the same as
for the isothermal bucket case. In addition, the area requiring modification via heat pipes or other very
conductive material is much less, so this concept should have a mass advantage.
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mirror position,
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(c) Isothermal bucket

Lower ring of
TMG elements,
plus baseplate
elements, are
isothermal

(e) Isothermal baseplate & ring

Each ring is isothermal to
simulate a circumferential
arrangement of heat pipes

Baseplate is also
isothermal, but separate
from light shade

(b) Isothermal rings

Entire inner light
shade, including
the baseplate,

is isothermal

(d) Isothermal light shade

Baseplate
TMG elements
are isothermal

(f) Isothermal baseplate

Figure 87. Isothermal enclosure options (side view).
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Figure 90. Mirror temperature distribution for isothermal light shade (noon).
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Figure 91. Mirror temperature distribution for isothermal baseplate and ring (noon).

Isothermal Baseplate—This option considered the effect of having an isothermal baseplate, as
illustrated in figure 87(f). No portion of the light shade wall was forced to be isothermal. The maximum
primary mirror temperature differential was (.22 K, which is somewhat lower than for the baseline, but
not as low as for the isothermal bucket or isothermal baseplate and ring options. The bulk temperature
swing for this option is essentially the same as for the baseline. Primary mirror temperature distribution
at noon is shown in figure 92. Although this option is the simplest of the five to fabricate, it does not
reduce the mirror temperature differential as much as when the ring is also included (above).

mm nclosure Trades—Table 40 summarizes the results of this trade study. The
isothermal bucket and isothermal baseplate and ring options have the lowest primary mirror temperature
differential and bulk temperature swing.

North ‘ Cont1our Tezrgg..é}f)
- .‘ / 2 228.83
SR &
‘6 S Ch ) ‘\\‘ 5 208.88
TR 6 228.90
SN | ’” / 7 228.92
. 8 208.94

”

Figure 92. Mirror temperature distribution for isothermal baseplate (noon).
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Table 40. Summary of isothermal enclosure trade results.

Maximum Mirror Night/Day Shade Average

Option AT (K) Maximum (K) Swing (K) Maximum (K) AT (K)
Baseline 035 229.3 161.0 304.8 0.25
Iso. Rings 0.3 243.6 174.6 273.2 0.16
Iso. Bucket 0.06 228.3 161.6 304.8 0.05
Iso. Shade 0.09 261.6 194.4 262.1 0.06
Iso. BP and Ring 0.06 228.0 160.6 304.8 0.05
Iso. BP 0.22 229.2 160.8 304.8 0.16

Primary mirror temperature differential during the day is shown for each option in figure 93.
Sunset occurs at about 330 hours on this graph. Peaks after sunrise and sunset are caused by the rapid
temperature change in the environment. The isothermal baseplate and ring seems to be the best
isothermal enclosure option for LUTE.

Temperature Differential (K)

Figure 93. Primary mirror temperature differential for enclosure options.
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Results for the isothermal shade indicate that a significant mirror temperature differential
(0.09 K) is caused by the asymmetric light shade geometry. The difference in results for the isothermal
bucket and isothermal shade options (0.06 K versus 0.09 K) indicates that this differential is strongly
dependent on mirror maximum temperature and increases with mirror maximum temperature. Thus,
lowering the mirror maximum temperature will also help to reduce the mirror temperature differential.
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5.5.3.5.2 Light Shade Trades

As indicated earlier in table 37, several options for light shade shape, orientation, and construc-
tion were considered as part of the light shade trade. Two alternate light shade shapes and one alternate
orientation are illustrated in figure 94. In addition, a concept in which the upper portion of the light
shade was coated with a low emissivity material and an option with an external, three-sided ground
shade were considered. These options are discussed in the following paragraphs.

Solar\ N
Vector North _ \\
Light shade is
Light shade is a right circular
truncated at cylinder, (not <)
57.5° angle, truncated at \
with MLI 57.5° angle), §
with MLI \
Q W
(a) Baseline (b) Cylindrical with ML/
Light shade is
a right circular
cylinder, (not « No MLI
truncated at S =08
57.5° angle) -
\\\‘ €=0.38
/
N
R
(c) Cylindrical without ML/
ol Located at 65° N,
ector but tilted 25°
~ southward 40° N
viewing
declination

Light shade is

truncated at )
57.5° angle,
with MLI

(d) 65° N with 25° tilt to south
Figure 94. Light shade shape and orientation options.
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indri h i lation—A cylindrical light shade was proposed to provide a symmet-
ric view to space for the north and south sides of the primary mirror. This concept is illustrated in figure
94(b). The interior of the light shade has o = 0.8 and £ = 0.8 and the entire exterior is insulated with
MLI. The maximum mirror temperature of 371.7 K is much hotter than for the baseline case (229.3 K)
due to the hotter light shade temperature (410.4 K versus 304.8 K) caused by direct solar absorption on
the north side of the light shade interior. This direct solar heating of the light shade interior causes the
mirror hot spot to move from east to south to west during the day. For the baseline configuration, the hot
spot moved from east to north to west during the day. Mirror maximum temperature differential also
increased from the baseline, although the average temperature differential decreased to 0.16 K. This
concept is not recommended because of the elevated temperatures in the vicinity of the detector radiator,
which must reject heat at approximately 200 K inside the upper light shade. In this concept, not only was
the radiator FOV reduced, but the temperature of the radiator surroundings increased to about 400 K at
midday. :
cal Shade W 1sulation—1In an attempt to reduce the light shade temperature while
maintaining a symmetric light shade, the MLI was removed from the upper light shade and the optical
properties of the shade exterior were changed to ¢ = 0.8 and €= 0.8, as shown in figure 94(c). This pro-
vides for more even heating of the shade from solar radiation and interchange with the lunar surface. The
mirror temperature differential is reduced during the middle part of the day, but is increased at low Sun
angles, primarily because at that time only one side of the shade receives direct solar radiation and the
surface temperature at that time of day is lower than the light shade temperature. The maximum and
average mirror temperature differentials are 0.86 and 0.05 K, respectively. The maximum mirror
temperature remained high, at 348.7 K, contributing to a bulk temperature swing of 278.7 K, over 100 K
greater than for the baseline. The maximum light shade temperature of 363.8 K is also higher than the
baseline and, like the previous option, will adversely affect detector heat rejection capability. This option
is not recommended.

65° North Latitude With 25° Tilt-—Moving the telescope to a more northerly latitude, then tilting
it southward to view at 40° declination reduces the upper light shade radiative interchange with the lunar

surface. The case examined was a latitude of 65° north with a resulting 25° southerly tilt as illustrated in
figure 94(d). Results showing primary mirror and light shade temperature distributions are presented in
figures 95 and 96, respectively. The mirror average temperature differential of 0.13 K is a significant
reduction from the baseline concept. The maximum mirror temperature differential and maximum mirror
temperature were also reduced from the baseline. The bulk temperature swing of 105.1 K is significantly
lower than the 161 K for the baseline. The maximum upper light shade temperature was reduced from
304.8 K in the reference to 198.6 K, providing a much better environment for the detector radiator which
must reject heat at 200 K.

Low Emissivity Light Shade Interior—Since heating of the upper light shade is primarily from
radiative interchange with the lunar surface, a low emissivity coating was suggested for this surface
rather than the high emissivity coating previously examined. The coating analyzed was ot = 0.7, €= 0.07.
The effect was actually to increase the temperature of this surface from 304.8 K in the baseline to 336 K,
since some reflected solar radiation from the surface was still absorbed, but could not be rejected by
radiation to space as effectively as when the emissivity was 0.8. The result was radiation of a lesser
amount of heat from the surface, but with a lower emissivity and, therefore, at a slightly higher tempera-
ture. Mirror temperature gradient and bulk temperature swing were essentially the same as for the base-
line.
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Post-Dawn Noon Pre-Dusk

Contour  Temp. (K) Contour  Temp. (K) Contour
1 121.69 1 169.35 1
2 121.72 2 169.36 2
3 121.75 3 169.37 3
4 121.78 4 169.38 4
5 121.81 5 169.40 5
6 121.84 6 169.41 6
7 121.87 7 169.42 7
8 121.90 8 169.43 8

Temp. (K)
157.03
157.05
157.07
157.09
167.12
157.14
157.16
157.18

Figure 95. Mirror temperature distributions for 65° north with tilt option.

Post-Dawn Noon Pre-Dusk

-«— North

ﬁ
\\
\ N
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~__
Contour Temp. (K) Contour Temp. (K) Contour Temp. {K)
1 107.03 1 161.41 1 134.05
2 120.45 2 166.06 2 145.09
3 133.88 3 170.70 3 156.13
4 147.30 4 175.35 4 167.17
5 160.72 5 180.00 5 178.21
6 174.14 6 184.65 6 189.25
7 187.57 7 189.29 7 200.29
8 200.99 8 193.94 8 211.33

Figure 96. Light shade temperature distributions for 65° north with tilt option.

121



xternal Ground Sh

—An external ground shade was suggested to reduce heating of the upper

light shade from the lunar surface. This was examined in the form of a three-sided shade as illustrated in
figure 97. The shade was MLI with an internal absorptivity of 0.2 and emissivity of 0.78 and an external
(away from telescope) absorptivity of 0.15 and emissivity of 0.15. Results indicate increased tempera-
ture differential, temperature swing, and light shade temperature as compared to the baseline, because
the ground shade temperature is similar to the lunar surface temperature, but is much closer to the
telescope. This concept is not viable unless a tall southerly shade can also be provided to eliminate direct
solar absorption by the enclosure or the interior of the shade can be made specular.

W

3.0m

/

/ 3 sided box

to intercept
radiation from
Lunar surface

Side view

Figure 97. External ground shade encloses LUTE east, west, and north sides.

Summary of Light Shade Trades
examined. The only clear improvement over the baseline is the 65° north location with the LUTE tilted
25 to the south. This reduces mirror temperature differential, bulk temperature swing, and light shade
maximum temperature. The cylindrical light shades reduce the average mirror temperature differential,
but increase bulk temperature swing and light shade temperature dramatically. These side effects are

probably unacceptable for LUTE.

Table 41. Summary of light shade trade results.

les—Table 41 summaﬁzes the results for all light shade options

Maximum Mirror Night/Day Shade Average

Option AT (K) Maximum (K) Swing (K) Maximum (K) AT (K)
Baseline 0.35 2293 161.0 304.8 0.25
Cylindrical 0.61 371.7 301.1 4104 0.16
Cylindrical, no MLI 0.86 348.7 278.7 363.8 0.05
65° N, tilted 0.27 170.1 105.1 198.6 0.13
Low emissivity 0.35 229.1 160.8 336 0.24
Ground shade 0.54 280.0 2134 331.8 0.32
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Figure 98 shows the primary mirror temperature differential versus time for all light shade
options and the baseline. The 65° north option gives the lowest overall temperature differential. Note
that the differential for this option is also quite constant for most of the viewing period.

1.0

Baseline
Cyl.

?

===  Cyl. no MLI

""" 65° N R

0.8

Low emissivity ?

Box

Temperature Differential (K)

0.0 T T

T T T T T T ¥ T T
0 50 100 150 200 250 300 350 400
Time from Dawn (hr)

Figure 98. Primary mirror temperature differential for light shade options.

5.5.3.5.3 Alteration of Lunar Surface Properties

The lunar surface has a high solar absorptivity and a high emissivity. Consequently, it absorbs
most of the solar radiation incident upon it and reradiates this energy very effectively as heat. The inner
light shade, with its high emissivity, absorbs this radiated heat, and the resulting high light shade tem-
perature causes thermal gradients in the primary mirror. Past studies have suggested that the optical
properties of the lunar surface near a lander might be modified by spraying a powder on the surface or
deploying a fabric cover. Analysis indicates that a majority of the heat absorbed by the upper light shade
is from the surface within a 20 m radius of the landing site, as illustrated in figure 99. Using the reduced
thermal model, the effect of altering the optical properties of the lunar surface within a 20 m radius of
the LUTE was examined. Properties were only modified on the north side of the LUTE, since the light

shade interior has no view to the south. Both the light shade and lunar surface elements are diffuse in
this model.

Table 42 summarizes the results of this study. Reducing lunar surface absorptivity (o) resulted in
increased reflected solar radiation absorbed by the light shade. As long as the surface o/ ratio is about 1
(first and second cases), the lunar surface temperature is essentially unchanged. If the surface absorp-
tivity remains high, but the emissivity is reduced (third case), the surface temperature increases. This
results in decreased light shade heating by reflected solar radiation but increased heating by thermal
radiation from the surface. If the surface absorptivity is reduced, but the emissivity remains high (fourth
case), the surface temperature is reduced considerably. This decreases light shade heating by thermal
radiation from the surface but substantially increases heating by reflected solar radiation.
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Figure 99. Heat flux contribution of lunar surface.

Table 42. Absorbed heat loads, at noon, for various optical properties.

Shade | Modified §urfaée 7 Abéorbed Absorbed
Case | Shade o/e Temperature (K) | Surface ove | Temperature (K) Solar (W) IR (W)
1 0.08/0.08 2754 0.93/0.95 367.4 274 248.2
2 0.80/0.80 275.0 0.20/0.20 366.5 197 131.6
3 0.80/0.80 2749 0.80/0.20 5213 57.5 270.2
4 0.80/0.80 275.3 0.20/0.80 261.0 197 90.1
5 0.20/0.80 2529 0.20/0.80 261.0 60.2 119.6

It was apparent from these results that changing the lunar surface properties, and thus lunar sur-
face temperature, was not sufficient to change the light shade temperature significantly. However, a
combination of reduced absorptivity on the light shade, plus the lunar surface property combination,
which resulted in the lowest surface temperature (fifth case), reduced the light shade temperature from
275 to 253 K. Thus, a low absorptivity coating on the upper light shade to reduce solar absorption with a
high emissivity to radiate to space effectively, coupled with a reduced lunar surface temperature, is one
means of reducing the light shade temperature. This approach may complicate stray light baffling. Other
options that might have a similar effect are a specular, high emissivity coating on the upper light shade
or a specular coating on the lunar surface. No investigation of the practicality of these options has been
made.
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5.5.3.5.4 Light Shade Baffles

Baffles on the light shade were identified as an option to influence the light shade and mirror
temperatures. Both angled baffles and horizontal ring shaped baffles were considered. These analyses
were performed using the reduced model and the TMG™ analysis program.

Angled Baffles—Because of the desire for a symmetrical light shade shape, reduced radiative
exchange between the lunar surface, and a moderate temperature in the vicinity of the detector radiator,
the concept illustrated in figure 100 was developed. The upper ring baffles on the open side of the light
shade are parallel to the nominal solar vector (50° from the horizontal) and treated with a low € coating
on the undersides and a high € coating on the top for minimum surface heat absorption and maximum
heat rejection to space. This arrangement gives the mirror a symmetric view to space, and the baffles
block over 50 percent of the radiation from the lunar surface to the upper light shade as shown in figure
101. Primary mirror temperature differential is reduced from the baseline, although maximum mirror
temperature (i.e., mirror temperature swing) and upper light shade maximum temperature are increased.
These temperature increases occur because of reduced view to space. Although these baffles complicate
the placement of other subsystems, such as electronics and solar panels, this option should be studied
further because it addresses two key issues in primary mirror thermal control (mirror temperature swing
and upper light shade temperature) and may lend itself to incorporation into the aperture cover.

Light shade

TCS baffles:

» Parallel to solar vector

« Do not obstruct FOV

s Trimmed to fit in shroud

+ Upper sides are 0=0.2, e=0.85
+ Lower sides are 0=0.2,£=0.1

Large baffle is insulated
on bottom, minimizes
heating of bottcm side
from Lunar surface

Lander body

Figure 100. Angled baffle concept.

Ring Baffles—Large flat ring-shaped baffles above a short cylindrical light shade were suggested
as a means to block solar radiation while providing a symmetric view to space for the mirror. This
option, illustrated in figure 102, could also be deployed by a simple mechanism and would result in a
shorter stowed configuration. During early morning and late afternoon, when the Sun is low in the
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Figure 101. Baffles can be arranged to achieve symmetric view to space.

Horizontal ring baffles
North

Shorter light
shade

Side view Top view

Figure 102. Horizontal ring baffle concept.

sky, most solar radiation passes between the baffles. Near local noon, when the Sun is near maximum
elevation, the baffles completely shade the telescope interior. However, during midmorning and mid-
afternoon, some solar radiation passes between the baffles and is absorbed by surface inside the
telescope. This results in elevated temperatures inside the telescope. Local high gradients would be
expected between shaded areas and those in direct Sun, although the model is not sufficiently detailed to
detect this phenomenon. Any influence this might have on optical performance will be addressed in
phase B.

Summary of Baffle Trades—Results for the two baffle options are summarized in table 43. The
angled baffles indicate some improvement, but the ring baffles cannot be recommended, primarily

because of the high bulk temperature swing which will result from the 336 K maximum mirror tempera-
ture.
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Table 43. Comparison of baffle options to baseline at local noon.

Mirror North Side | Mirror South Side Mirror Tempera- Light Shade
Option Temperature (K) | Temperature (K) | ture Differential (K) | Temperature (K)
Baseline 238.29 238.22 0.07 275.4
Angled 268.81 268.84 0.03 278.87
Ring 336.14 336.06 0.08 N/A

5.5.3.5.5 Flared Light Shade
One method suggested to reduce the temperature of the upper light shade is to flare it, as shown in

figure 103. This simultaneously reduces its view to the lunar surface and the primary mirror, and increases
its view to deep space. Using the reduced TMG™ model, 0°, 5°, 10°, and 15" flare angles were analyzed.

Solar
Vector

e

Flare angle
0°10 15°

Secondary

mirror 1
position

Side view Front view

Figure 103. Flared light shade concept.

Analysis results are summarized in figure 104. Flare angles of 10° or less provide little improve-
ment in the temperature differential. Unfortunately, flare angles of 15° or greater become extremely large
and difficult to deploy successfully. For these reasons, the flared sunshade was not considered in further
studies. Although any flare is positive, flare angles large enough to significantly reduce thermal control
complexities pose packaging and deployment concerns.

5.5.3.6 Mirror Construction and Support Structure Effects

The mirror support structure can significantly influence the temperature distribution in the
mirror. For all the studies discussed above, a ring support on the outer edge of the primary mirror was
used and the primary and tertiary mirrors were ground on a continuous beryllium blank (no center hole).
Structural analysis indicated that a three-point support using titanium flexures was preferable for the
large temperature excursions expetienced by the mirror. Titanium was chosen because its coefficient of
thermal expansion closely matches that of beryllium, and it has good strength and stiffness properties.
Other flexure materials, such as Invar™, might be more appropriate for mirror materials other than
beryllium. Separate primary and tertiary mirrors are also preferable to a one-piece design for manufac-
turing considerations. To assess the impact of these mirror construction and support differences, the
three cases below were analyzed. The isothermal light shade model described above was used for all
three cases.
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Figure 104. Effect of flare angle on north/south temperature differential (Iocal noon).

rt—For this case, the primary and tertiary mirrors

are ground on a continuous blank of beryllium and supported by a continuous ring around the outer edge
as shown in figure 105. The ring is assumed to be 1 cm tall, with a total area (for conduction calcu-
lations) of 3.9 cm2. The maximum temperature differential for the primary mirror elements is 0.08 K.

Top surface

Outer ring
4 support

Figure 105. One-piece mirror with ring support.

Separate Primary/Tertiary With Ring Support—For this case, the primary mirror has a center

hole, as shown in figure 106, and is supported by a continuous ring around the outer edge as described
previously. The maximum temperature differential for the primary mirror elements is 0.18 K. This
center hole in the primary mirror increases the gradient across the diameter of the mirror.

Top surface

Primary

Tertiary

Outer ring
4 support

Figure 106. Separate primary and tertiary with ring support.
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Pri rti ith Three-Point Flexur rt—For this case, the primary mirror
is supported by three titanium flexures, located midway between the inner and outer radii and spaced at
120° intervals. Each flexure consists of two titanium rods, 3.2 mm in diameter and 6 cm long, as shown
in figure 107. No insulating buttons at the ends of the rods were included, although it may be possible to
incorporate such insulators in the design of the flexures. The maximum temperature differential for the
primary mirror elements is 0.18 K, which is the same as for the previous case.

Side view

erlarged
Flexures at
3 locations,
120° apart

Baseplate o
3.2 mm dia. titanium

rods, 6 cm long

Top View

Figure 107. Titanium flexures supporting primary mirror on baseplate.

mm f Mirr n ion an L re Effects—Results of this trade are shown
in figure 108. Both of the mirrors with center holes (two-piece) have larger temperature differentials
than the one-piece mirror. However, for most of the operating period, there is little difference between
the flexure and ring supports for the mirrors with a center hole. The flexure support creates slightly
higher mirror temperature differentials during the early morning and late afternoon periods when the
mirror is undergoing relatively rapid temperature changes. This is primarily caused by rapid local
heating or cooling of the mirror in the vicinity of the flexure. Mirror construction and support had no
effect on bulk temperature swing or light shade temperature.

0.25

— One-piece, 1ing support

—*— Two-piece, ring support

0.20 1 -=o--  Two-piece, flexures

0.15 1

0.10 1

Temparature Differential (K)

0.06

0.00 T g T T T T g T T T ¥ ¥
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Time {rom Dawn (hr)

Figure 108. Primary mirror gradient for different methods of support.
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5.5.3.7 Mirror Material Trades

The baseline for all trade studies conducted previously was a beryllium primary and tertiary
mirror. Beryllium was initially chosen because of its high thermal conductivity and relatively low CTE.
In this trade, other primary and tertiary mirror materials were examined. The support structure used was
a three-point support with titanium flexures at each point (described previously). The construction of the
mirrors was not changed, except the primary and tertiary were separate mirrors, not ground on a single
blank as stated previously. This was for consistency with structures and optical system models. Results
from the thermal analyses described were transferred to the structural analyst for deformation analysis.
The materials considered were beryllium, Ceraform™ SiC, and fused silica. In the final analysis, mirror
material selection will be based on optical performance over the temperature range, plus other factors
such as surface quality, manufacturability, etc. All three material options were run with an isothermal
light shade as described above. T

Beryvllium—The maximum temperature differential for the beryllium primary mirror is 0.18 K.
Figure 109 illustrates the temperature distribution on the primary mirror at local noon.

Contour  Temp. (K)
261.23
261.25
261.27
261.29
261.30
261.32
261.34
261.36

BN L WN

Figure 109. Primary mirror temperature distribution at noon (beryllium).

Silicon Carbide—The maximum temperature differential for the Ceraform™ SiC primary mirror
is 0.22 K. Figure 110 illustrates the temperature distribution on the primary mirror at local noon. The
SiC results differ little from those for beryllium. This is not surprising since the thermal conductivity and
specific heat of the two materials are similar. Values for specific heat of SiC below room temperature
were not available, so a projected value was used. This analysis should be reevaluated if
temperature-dependent data become available.

Contour Temp. (K)
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Figure 110. Primary mirror temperature distribution at noon (SiC).
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Fused Silica—The maximum temperature differential for the fused silica mirror is 13.08 K.
Figure 111 illustrates the temperature distribution on the primary mirror at local noon. This is much

larger than the differential for beryllium or SiC, primarily because of the lower thermal conductivity of

fused silica. However, fused silica also has a much smaller coefficient of thermal expansion than the

other two materials. A deflection analysis must be performed to determine which material will have the
smallest distortion due to thermal loading.

Contour

W~NO O WA —

Temp. (K)
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260.26
260.63
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261.37

Figure 111. Primary mirror temperature distribution at noon (fused silica).

Summary of Mirror Material Trades—Table 44 summarizes the results of the mirror material

trade study. The only parameter affected by the mirror material is the mirror temperature differential.

Table 44. Summary of mirror material trade results.

Maximum AT | Mirror Maximum Night/Day Average AT
Option (K) (K) Swing (K) (K)
Beryllium 0.18 261.4 194.2 0.12
SiC 0.22 261.7 194.4 0.14
Fused Silica 13.08 261.4 194.5 4.19

The temperature differential across the primary mirror is shown in figure 112 for beryllium and

SiC and in figure 113 for beryllium and fused silica. Beryllium, SiC, and fused silica primary mirror
temperature profiles for the LUTE operational period were transferred to LUTE structural analysis

personnel for evaluation of temperature-induced deformations. Names and descriptions of output files

for these and other telescope thermal analyses discussed are listed in appendix M.

5.5.3.8 Site Latitude Trade

Changing the latitude of the LUTE landing site from 40° north to 66.5° north, while still viewing

at a 40° declination, reduced the detector radiator temperature to an acceptable value and reduced the

mirror bulk temperature swing. To assess the sensitivity of light shade interior temperature, mirror bulk
temperature swing, and mirror temperature differential to telescope latitude, landing sites of 40° north,

48.5° north, 57° north, and 65° north have been modeled with the TMG™ program. Figure 114
illustrates the orientation of the telescope relative to the lunar surface, the lander, and the solar vector at

each landing latitude.
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Figure 112. Temperature differential for beryllium and SiC primary.
10
Beryllium
1 ——  Fused Silica
8 -
< |
@
§ &
s3]
=
(]
2
S 4
©
Q
a
5
- 2
(S T T T T T T v T T T ¥ [
¢ 50 100 150 200 250 300 350 400

Figure 113. Temperature differential for beryllium and fused silica primary.

Time from Dawn (hr)

1 ¥

L1 T o



Solar Vector Solar Vector
€ €

No tek_ascope 17° telescope
tilt tilt

N,

57°
Lunar surface Lunar surface
40° North Latitude 57° North Latitude
Solar Vector Solar Vector
85° te!escope 25¢ telescope
tin tilt
Lander ~
48.5° 65°
Lunar surface Lunar surface

48.5° North Latitude 65° North Latitude

Figure 114. Telescope orientation at latitudes studied.

In all cases, the LUTE is pointing at a 40° declination, the primary and tertiary mirrors are
beryllium and are ground on a single blank, and the primary mirror is supported by a ring at its outer
radius. Table 45 summarizes the results of the latitude trade study. Generally, mirror temperature
differential (AT), maximum temperature, temperature swing, and light shade temperature decrease with
increasing latitude. The detector radiator temperature will be somewhat lower than the light shade

interior temperature.
Table 45. Summary of latitude trade results.
Light Shade
Maximum AT? Average AT Mirror Night/Day Interior
Latitude (K) (K) Maximum (K) Swing (K) Temperature (K)
40.0 0.35 0.25 2293 161.0 304.8
48.5 0.27 0.19 2115 143.0 284.6
57.0 0.21 0.15 194.1 125.9 258.9
65.0 0.20 0.13 170.1 105.1 198.6
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Maximum light shade temperature, mirror temperature, and mirror day/night temperature swing
are shown in figure 115 for the latitudes studied. Note that the light shade temperature decrease is larger
between 57° and 66.5° than between 48.5° and 57°. This indicates that even lower light shade interior
temperatures could be obtained for locations north of 66.5°.
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Figure 115. Summary of mirror and light shade maximum temperatures.

The primary driver for the reduction of mirror temperature, temperature swing, and temperature
differential is the reduction of the hght shade interior temperature. This reduction is caused by the
southward tilt of the telescope (shown in fig. 114) that is required to view at a 40° declination from
landmg sites hlgher than 40° north. The tilt reduces the inner llght shade view to the lunar surface and
increases its view to space—its ultimate heat sink. The reduced view to the lunar surface lowers the heat
load to the light shade, and the increased view to space allows rejecnon of the heat load at a lower
temperature. The temperature differential across the primary mirror is shown in figure 116 for the four
latitudes studied. The average mirror differential is lower for higher latitude locations because the cooler
light shade interior causes less heating of the north side of the mirror. Maximum and average mirror
temperature differential are shown for each latitude in figure 117.

The trend is toward lower differentials at higher latitudes, but the curves begin to flatten between
57° and 65°. This indicates that the differential cannot be reduced indefinitely by moving to higher lati-
tudes. The portion of the differential, which is due to the asymmetric view factor of the mirror to space
and the nonuniform temperature of the baseplate, will not be affected by the change in latitude. In sum-
mary, significant thermal control benefits can be obtained by moving the LUTE landing site to a latitude
higher than 40" north, as long as the telescope can be tilted to continue v1ew1ng at a 40° declination

angle. The reduction in primary mirror maximum temperature differential is clearly nonlinear and loca- -

tions north of 65° will probably result in little additional reduction. However, the analysis results indi-
cate that maximum light shade temperature (hence detector radiator operating temperature), mirror tem-
perature, and mirror temperature swing will continue to decrease for locations north of 65°.
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Figure 117. Mirror average and maximum temperature differential.
5.5.3.9 Use of Heaters on Primary Mirror

The LUTE primary mirror experiences a large diurnal temperature swing with only passive
thermal control. With the possibility of an RTG power source and resulting power availability during the
lunar night, it becomes reasonable to examine active thermal control in the form of heaters for the pri-
mary mirror. The purpose of the heaters is to increase the minimum temperature of the mirror and, thus,
decrease the total temperature swing of the primary mirror. For the first case analyzed, the LUTE is
located at 40° north latitude, pointing at a 40" declination, has beryllium primary and tertiary mirrors
ground on a single blank, and has a ring supporting the primary mirror at its outer radius. The data pre-
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No heat pipes, heaters, or other active thermal control techniques were used for the light shade or mirror.
With passive thermal control, the minimum mirror temperature is 71.8 K and the maximum mirror
temperature is 239 K, for a total temperature swing of 167.2 K. If the minimum temperature is to be
raised to 220 K, a maximum of 34.2 W of heater power is required. The power required varies from zero
to the maximum value, and heat must be applied for a total of 480 hours of the 654 hour diumal cycle.

The second case analyzed places the LUTE at 65° north latitude, pointing at a 40° declination,
and retains the beryllium primary and tertiary mirrors and the outer support ring. The data presented are
taken from TMG™ thermal analysis results using the model mentioned previously. No heat pipes,
heaters, or other active thermal control techniques were used for the light shade or mirror. With passive
thermal control, the minimum mirror temperature is 67.8 K and the maximum mirror temperature is 175
K, for a total temperature swing of 107.2 K. If the minimum temperature is to be raised to 160 K, a
maximum of 10.2 W of heater power is required. The power required varies from zero to the maximum
value, and heat must be applied for a total of 440 hours of the 654 hour diurnal cycle.

For the cases previously described, heat was applied directly to the back of the primary/tertiary
mirror. If this is not feasible, then a heater plate must be added between the baseplate and the mirror. Tt
is not feasible to apply heat directly to the baseplate because it is not thermally isolated from other large
LUTE components. Use of a heater plate is less efficient than applying heat directly to the mirror back
and might require as much as 25 percent more power to maintain the same mirror temperature. In addi-
tion, because the design of the mirror support is not well defined, a 15 percent contingency factor should
be applied to the calculated heater power estimates previously described. The benefits of reduced mirror
temperature swing should be weighed against the costs of a heater system. The benefits include simpli-
fied analyses, optimized temperature range selection, traceability of image quality degradation, etc.
These costs include, additional mass (approximately 1.5 kg), additional system complexity, and greater
potential for significant temperature gradients within the mirror, particularly if a heater unit should fail.

5.5.3.10 Metering Structure Axial Gradient

Knowledge of the temperature gradients, which will exist in the LUTE metering structure, is
needed for the design of the metering structure and secondary mirror support system. The existing LUTE
thermal models do not include a simulation of the metering structure or secondary mirror. A detailed
thermal model of the metering structure cannot be constructed at this time because several metering
structure concepts are being considered, and design details are not available for any of the concepts. For
preliminary purposes, the axial gradient of the light shade in the vicinity of the metering structure may
be used as an estimate of the gradient which will exist in the metering structure. The metering structure
is in close proximity to the light shade, so use of the light shade temperature predictions should provide
a reasonable approximation of the metering structure temperature. However, circumferential and
diametral metering structure gradients cannot be estimated based on the light shade temperature predic-
tions because of the “spider” structure supporting the secondary mirror. This structure will provide con-
duction paths across the metering structure which do not exist for the light shade.

For the case documented, the LUTE is located at 40° north latitude, pointing at a 40° declination,
has beryllium primary and tertiary mirrors ground on a single blank, and has a ring supporting the pri-
mary mirror at its outer radius. For higher latitude locations, pointing at the same declination, the light
shade axial gradient would be somewhat lower than for the case documented. Since this is a preliminary
estimate, it is appropriate to use the higher gradient. The data presented in the following are taken from
TMG™ thermal analysis results using the model previously mentioned. No heat pipes, heaters, or other
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active thermal control techniques were used for the light shade or mirror. Figure 118 shows the tempera-
ture variation of the light shade at the upper and lower edge of metering structure for one lunar cycle.
For the purpose of this report, the “upper edge” means the light shade at approximately the level of the
secondary mirror, rather than the actual end of the light shade. The thermal analysis documented is for
“midsummer” lighting conditions. Point A in the figure indicates an elevated light shade temperature
caused by direct sunlight inside the light shade shortly after dawn. A similar phenomenon, caused by
direct sunlight inside the light shade before sunset, is indicated by point B on the graph. The lower edge
of the light shade is essentially unaffected by the direct sunlight “peek-over” into the upper light shade.
After sunset (about 350 hours) the lower edge is warmer than the upper edge because it loses heat to
space less rapidly. The upper edge cools more rapidly because of its higher view factor to the deep space
heat sink.
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Figure 118. Light shade temperature at lower and upper edge of metering structure.

Figure 119 shows the axial temperature difference between the upper and lower edges of the
metering structure, as indicated by the light shade temperature. The gradient is positive when the upper
edge is warmer than the lower edge. The maximum gradient is about 100 K and occurs shortly after
local sunrise. If the seasonal effects of sunlight peeking over the light shade are neglected, the maximum
axial gradient is about 40 K.

When the metering structure and secondary mirror support structure design has been better
defined, a more detailed thermal analysis of the metering structure may be appropriate. That analysis
might be expected to yield a time-varying temperature profile of the entire metering structure, which
could be used in a structural analysis to predict thermal deformations of the metering structure.
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Figure 119. Estimate of metering structure axial thermal gradient.

5.5.3.11 Declination Effect on Mirror Temperature

Previous thermal analyses were conducted for a pointing declination of 40° north, however, a
declination of 30" north is of considerable scientific interest. In order to accommodate this lower
declination, the light shade angle must be increased to approximately 70°, which increases the length of
the light shade by over 1 m. The thermal effects of the two declinations have been compared for a
telescope with beryllium optics at a 65° north latitude location. Sketches of the two configurations are

shown in figure 120.
e

g0
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e

Figure 120. Light shade configurations for 30" and 40° point declinations.
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Table 46 summarizes the analysis results for the two declinations. The lower declination causes

an 8.4 K increase in the mirror maximum temperature. This increase is primarily driven by the larger

light shade required for a 30" pointing declination. No increase in temperature gradient over the primary
mirror was noted due to change in pointing declination. The increase in mirror maximum temperature
and day/night temperature swing resulting from the lower declination is undesirable. However, the

magnitude of the change is relatively small and can probably be tolerated, if required. The increase in
light shade size required to accommodate the 30° declination is probably a more serious design problem

than the resulting thermal effects.

5.5.4 Detector Thermal Control

The detector is an array of several CCD’s and is located in the central hole of the secondary
mirror. Figure 121 shows the location of the detector.

Table 46. Results of pointing declination thermal trade.

Pointing Mirror Temperature Light Shade Maximuum
Declination Maximum Minimum Day/Night Swing Temperature (K)
30° 1835 K 67.4K 116.1 K 183.1K
40° 175.1 K 67.8K 107.3K 1783 K

LIGHT SHADE

| DeTecTor RADIATOR
| DETECTOR
L— SECONDARY MIRROR

PriMARY AN TERTIARY MIRRORS

s —

v

Figure 121. Location of CCD detector and radiator.
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5.5.4.1 Requirements

Thermal requirements for CCD’s vary with the application, size, and wavelength of interest. For
the LUTE application, the maximum allowable CCD temperature for UV and visible applications is
about 210 K. Over short periods of time, the detector temperature must be stable to tenths of a degree, so
rapid temperature changes must be eliminated. The heat to be removed from the detector comes from
conduction through the wires leading into the array, heat produced by reading the information from the
CCD’s, and radiation from the environment. The total heat to be removed from the focal plane array is
estimated at not more than 5 to 10 W. Because the LUTE is mass and power limited, passive thermal
control of the detector is preferred. This does not preclude the use of heaters, but suggests minimum

usage of such devices.
5.5.4.2 Concepts

Concepts for thermal control of the CCD include a passive radiator, a thermoelectric unit (TEU)
with a radiator, a cryo-cooler, and cryogenic fluid. Each concept is discussed in detail below.

Passive Radiator—The first step in the design of the thermal control system for the detector was
determining how much heat could be radiated from a radiator attached to the detector. The radiator area
was assumed to be the same as the secondary mirror area. A 10 K temperature rise was assumed
between the radiator and the detector, giving a target maximum radiator temperature of 200 K. Initial
analyses involved some hand calculations using assumed view factors based on a TMG™ model of a
similar geometry. These analyses, assuming a radiator temperature of 200 K, showed that the radiator
would be absorbing heat during operating times rather than rejecting heat. A TRASYS model of light
shade, lunar surface and the radiator were built to more accurately represent the radiation environment of
the radiator. The output of the TRASYS model was used as input for a SINDA model to determine the
amount rejected or absorbed by the radiator and the temperature at which it radiates. Steady-state analy-
ses were run for a hot environment and also for a cold environment. The hot environment represented
the midday when the Iunar surface may reach temperatures of 385 K, and the interior light shade may
have an average temperature of 270 K. The cold environment represented the time during the lunar night
just before dawn where the lunar surface temperature falls to about 85 K, and the interior light shade
temperature is about 80 K. Two different analyses were run for both the hot and cold cases: one to cal-
culate how much heat can be rejected or absorbed at a radiator temperature of 200 K and the other to
determine the radiator’s temperature with a constant heat load of 10 W. For this trade study, the tele-
scope was located at a 40° north latitude, unless noted. The radiator, telescope, and lunar surface were
also modeled using TMG™. The model was run to calculate the transient radiator temperature, assuming
a 10 W heat load, during the lunar cycle.

Trade Studies—TFigure 122 shows the four concepts for thermal control of the detector which
were analyzed. Concept 1 is a horizontal radiator behind the secondary mirror. The radiator diameter is
limited to 0.5 m to avoid obscuration of the primary mirror and the radiator has optical properties of
o= 0.8 and € = 0.8. In this location, the radiator has a view to space which is limited by the light shade.
Because the radiator has a view to the light shade interior, the radiator heat rejection capability is depen-
dent on the light shade temperature.
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Figure 122. Passive radiator concepts for detector heat rejection.

Concept 2 is a radiator slanted 50° so it will be parallel to the solar vector. The radiator’s pro-
jected area would be the surface area of the secondary mirror. This concept has two benefits: the surface
area of the radiator increases so that there is potential to radiate more heat, and the radiator has a better
view to space and a limited view of the light shade. The major drawback of this concept is that it has a
view of the lunar surface, which severely limits the heat rejection capability of the radiator during the
operating period.

In concept 3, the radiator is placed in its own shade to block radiation from both the light shade
and the lunar surface. The shade around the radiator again limits the radiator’s view to space, thus
limiting its heat rejection capability.

Concept 4 involves moving the telescope to a higher latitude (65° north, as discussed previously).
At this latitude, the light shade interior surface has a reduced view to the lunar surface, thereby reducing
the interior shade temperature. Also, the radiator can be oriented parallel to the lunar surface to avoid
lunar surface radiation and moved forward in the telescope to reduce the radiator’s view of the light
shade. This concept allows a nearly 100 percent view to space, and increases the heat rejection capability
of the radiator.

Results—FEach of the concepts mentioned above was analyzed using TRASYS and SINDA. The
results shown in figure 123 and table 47 indicate that the environment for concept 1 would heat the
radiator to a temperature of 228 K, or 28 K above the target radiator temperature, even with no heat load
from the detector. The same is true for concept 2, where the lunar surface radiation raises the tempera-
ture, with no detector heat load, to 227 K. The calculated temperature for concept 3 with no heat load is
240 K . However, for concept 4, the radiator temperature is 117 K with no heat load and 190 K with a
heat load of 10 W. This is 10 K below the maximum target radiator temperature of 200 K. Based on
these results, moving to a 65° latitude will allow the use of passive cooling to maintain the detector
within acceptable temperature limits during operation.

[EU Plus Radiator—Because no heat could be passively rejected in the baseline configuration,
other methods of thermal control were pursued. One of these is cooling using TEU’s, which are small
devices that transfer heat when current is passed through them. The amount of cooling is proportional to
the current passed through the device, and the heat flow direction is determined by the direction of the
current. A TEU has hot and cold sides as shown in figure 124. The cold side would be attached to the
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Figure 123. Results of passive detector radiator trade study.

Table 47. Detector radiator temperature summary.

Concept Temperture With No Heat Load | Temperature With 10 W Heat Load
1 228 265
2 227 247
3 240 280
4 117 190

LUTE detector, and the hot would be attached to a heat pipe or directly to a radiator to reject heat to
space. These devices can require large amounts of power depending on the temperature difference (AT)
between the hot and cold sides and how much heat must be transferred. The efficiency of these devices
is generally low and decreases as the AT increases. As a result, more power is required to remove the
unwanted heat from the instrument for larger temperature differentials.
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Figure 124, Tllustration of a TEU.

The major problem with using a TEU in this application is the large AT between the cold side
and the radiator. The radiator needs to operate above 300 K to reject the required heat load in its warm
environment, while the detector needs to be cooled to 210 K. Another problem is the amount of heat that
needs to be rejected. The TEU would require 400 W of power to remove 10 W from the detector if an
appropriate TEU were available. Based on conversations with vendors, the cost of fabricating a TEU
that would perform as required would be prohibitive. The TEU is not a viable option for the baseline
configuration and requirements. These devices require considerable power and can only pump small
amounts of heat. A change in the thermal control method or a change in the detector constraints is
needed.

Iternate T ions—Since the detector heat rejection options discussed above seem to be
unacceptable for the LUTE reference location (40° north latitude), several other options have been
identified. These are cryo-coolers, cryogenic fluids, alternate detector locations, an alternate telescope
location, and altering detector requirements by changing the detector design.

Cryo-cooler: One alternative option for a detector thermal control is a cryo-cooler. Cryo-coolers
are mechanical devices that can operate at temperatures as low as 4 K. Drawbacks to using these devices
are the large power requirement and the vibration they induce in the system. Because there is some
vibration associated with this device, attaching it to the detector would probably reduce the image
quality. Cryo-coolers with no moving parts are being developed to reduce vibration and extend life, but
these currently have very low efficiencies and high power requirements.

Cryogenic fluid: A cryogenic fluid such as nitrogen or helium could be used to provide a heat
sink for the detector. Telescopes such as AXAF-S will use this method to maintain instruments at the
proper temperatures. However, for AXAF-S, nearly the entire spacecraft is a dewar which contains the
superfluid helium coolant. The dewar itself, which would have to be designed to minimize boiloff in the
harsh lunar surface environment for 2 years, would probably be a large portion of the LUTE mass
budget. The cryogenic fluid required or 2 years operation would further increase the system mass.

143



Alternate detector location: Enlarging the radiator would allow rejecting more heat or rejecting
the same amount of heat at a lower temperature. However, because the detector is located inside the
telescope light shade and cannot obstruct the FOV, the thermal radiator is limited in size. Also, with the
current radiator location, radiation from the light shade drives the heat rejection capabilities of the
detector radiator. One solution to these problems is to move the detector. Moving it to the side of the
light shade, as shown in figure 125, would allow use of a radiator that could “see” mostly space and
would also allow an increased radiator surface area if needed. One disadvantage to this idea is that
moving the detector would mean moving the focal plane and changing the optical design. Also, the
radiator would probably have to be deployable because of space limitations in the launch vehicle shroud.
Additional structure might be needed to support the radiator after deployment.

Reflector
N Detector
Secondary Mirror Radiator
~

e —

/

Support Structure

/ Primary and Tertiary Mirrors .

&Aj 7

Figure 125. New detector location to alleviate thermal control problems.

Alternate telescope location: The major driver of the detector radiator thermal environment is
the light shade. Analyses have shown that the upper light shade reached average temperatures over
270 K. The radiation of this heat to the detector radiator dramatically limits its capability. Changing the
thermal environment of the light shade is necessary to radiate 10 W of heat at 200 K from inside the
light shade. One way of changing this environment is to locate the telescope at a higher latitude and tilt
it so that its view of the lunar surface is reduced. Reducing the view to the hot lunar surface allows the
light shade temperature to drop down to about 200 K, which reduces the amount of radiation from the
light shade to the radiator. Coupling the cooler light shade with a radiator-oriented parallel to the lunar
surface provides an almost ideal radiation environment.

Alteration of detector thermal requirements: The thermal requirements for the detector are pre-
liminary. If an adequate TCS to maintain the detector within its specified operating limits cannot be
designed, then the feasibility of the LUTE is questionable. It may be necessary to alter the requirements
so that a more functional TCS can be designed for the detector. If the allowable detector temperature
were increased, the radiator could operate at a higher temperature decreasing the AT between hot and
cold sides on a TEU and decreasing the amount of power needed to remove the heat from the detector.
However, raising the operating temperature of the detector would decrease the quality of the images
obtained since temperatures above 210 K will increase noise. Therefore, it appears unlikely that the
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detector maximum temperature will be increased. A reduction in the amount of heat dissipated to a level
of 0.5 W or less may make the use of a TEU more feasible because it would decrease the amount of
power needed to remove the heat from the detector at the specified temperature difference. The heat load
assumed for the analyses is based on limited information about the detector. More detail about the detec-
tor and its connections would allow better characterization of the thermal environment and may reduce
the heat load assumed.

5.5.4.3 Detector TCS Recommendations

Locating the telescope at a higher latitude is the most attractive solution. The temperature and
heat rejection requirements can be easily met with this option. Not only is the thermal environment
affecting the detector radiator less severely, but the radiator’s view to space is increased so that the heat
can be more effectively radiated. This option also requires the least weight and power from the TCS per-
spective, because it is totally passive. The other passive radiator concepts examined do not meet the
detector maximum temperature requirements. Of the active cooling concepts examined, the TEU and
cryo-cooler have large power requirements and the cryogenic fluid system has a large mass requirement.
None of these options is feasible with the current system power and mass limitations. Changing the
detector location has been suggested as a means to provide a larger detector radiator in a better location,
but this would be undesirable because it results in an optical configuration with a fourth reflector. It is
also unlikely that a detector can be developed to operate at 260 K and produce an image of acceptable
quality in time for the LUTE mission. The other passive radiator concepts examined do not meet the
detector maximum temperature requirement.

5.5.5 Subsystem Thermal Control

LUTE subsystem equipment requiring thermal control includes the electronics, solar arrays, and
various mechanisms, motors, and other equipment. The major subsystem components have been illus-
trated previously. Passive thermal control options were strongly favored for thermal control of this
equipment.

5.5.5.1 Requirements

For an operating range of 208 to 398 K, heat rejection requirements for subsystem components
are shown in table 48.

Table 48. Subsystem thermal control requirements.

Module Components Average Power (W) Temperature (K)
Transponder 18 208 to 398
Command Detector 10 208 to 398
Diplexer - 208 t0 398
Central Data Unit 15 208 to 398
Central Computer 15 208 to 398
Antenna Drive Electronics 10 208 to 398
Power Distribution 7 208 to 398
ACS Electronics - 208 to 398
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5.5.5.2 Electronics Analysis

The LUTE electronics consists mainly of the command and data handling and power condition-
ing equipment. Thermal control of the electronics presented some challenging problems. The equipment
needs to be maintained within a temperature range of 208 K (nonoperating) to 398 K (operating). As
stated earlier, the electronics dissipate about 90 W of heat. During the LUTE operating period, the lunar
surface temperatures may rise to 385 K while being exposed to solar radiation for about 14-Earth days.
This hot environment creates problems when trying to reject the heat generated by the electronics during
operation. On the other hand, there is a concern for the survival of the electronics during the lunar night
when lunar surface temperatures drop to as low as 85 K during the 14-Earth day/night time period, if the
electronics are not operating and producing power internally during this time.

Because of limited power, passive thermal control is necessary. To simplify the TCS and make
temperature control of components more manageable all electronics were located in one box. This also
minimizes the radiator surface area needed and TCS mass.

Placement of the box is important to providing proper viewing for the radiator. Reduction of
direct solar heating on the radiator and avoidance of lunar surface radiation is necessary while providing
view to space to radiate the heat produced in the box.

The radiator surface area needed to reject heat generated by electronics was calculated using an
Excel spreadsheet. TRASYS and SINDA models were built to more accurately characterize the thermal
environment and calculate radiator temperatures. The radiator was modeled in four different positions
around the light shade as is shown in figure 126. The hot lunar environment was assumed as the bound-
ary condition for the analyses. The box was assumed to be well insulated and to have no conduction
through any structural attachments. Steady-state radiator temperatures were calculated assuming a 90 W
heat load on the radiator.

TELESCOPE

NORTH

Figure 126. Electronics box analysis positions.
For the night case, it was assumed the radiator has a perfect view to space. The objective of this
analysis was to determine the emissivity necessary to limit the heat loss from the box and also determine

how much heat would be needed to maintain the box at survival temperature. Because the box will be in
the cold environment for an extended period, it will be necessary to provide some heat. This heat could
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come from an RTG, a phase change material, or an radioisotope heating unit (RHU), or from leaving the
components operating at night. Using an RTG as a power source, the LUTE could operate continuously
providing power necessary for the electronics’ survival. A phase change material could be used to store
heat from the daytime operation and maintain the temperature of the electronics above the minimum
during the night, but calculations from a previous study showed that the amount of mass needed would
be prohibitive. RHU’s show the most promise to provide heat during the night. These devices are small
and provide heat continually, almost indefinitely, at no increase in power system mass.

The thermal analysis showed that the radiator could be located in any position, provided that it is
an optical solar reflector (OSR). An OSR is a radiator that has a thin coating on the surface to minimize
the amount of absorbed solar energy while allowing the surface to radiate. At night, though, the emis-
sivity of the radiator would have to be modified to about 0.45 to reduce the box heat loss by radiation to
an acceptable level. To accomplish this with an OSR, a cover with a low emissivity would have to be
moved into position over the radiator at night. This would require a mechanism to open and close the
cover as shown in figure 127. A more practical method of accomplishing this surface modification is
using louvers. Louvers have a range of effective emissivity of 0.2 to 0.7. No power is required to close
louvers and they have been used for space applications for many years. A drawback to using louvers is
that to maximize their radiation capability, solar radiation must be avoided because they have a high
solar absorbtivity. A cover could be used to protect the louvers from solar heating, but the effective
emissivity would be reduced, significantly decreasing their radiation capability during daytime
operation.

The radiator surface area was determined to be 0.2 m? radiating at 343 K. If the radiating surface
were modified to have an emissivity of 0.45, 10 W of heat would have to be added to maintain the
electronics above its lower temperature limit.

Rotational axis

"Flip-top" Lid Rotating Lid

Louvers
Figure 127. Thermal control methods for electronics box.
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5.5.5.3 Power System Analyses

RTG Analysis—The purpose of this analysis was to calculate the operating temperature of a
300 W RTG on the lunar surface during the lunar day/night cycle and to determine whether the tempera-
ture of the RTG will exceed its allowable operating temperature. The upper temperature limit of the
RTG was determined to be 533 K.43 If the RTG temperature had been above 533 K, other methods of
thermal control would have been required or the RTG could not have been used. Because the LUTE is
power and mass limited, the thermal control of the RTG is limited to passive methods. But, as has been
discussed in an earlier document, the model run is simply the RTG located 2 m above the lunar surface.
The RTG is 1.17 m long and 0.23 m in diameter with eight fins extended radially 0.091 m and located
around the circumference of the RTG, as shown in figure 128. A 4,100 W heat load was applied to the
body of the RTG, which was assumed to be located 2 m above the lunar surface. Other heat sources are
solar energy and radiated energy from the lunar surface. The thermal model was run for one lunar

day/night cycle. Output from the analysis was taken every 10 hours during the 660 hour cycle.

The analysis results show that there is a hot spot in the area of the RTG nearest the lunar surface.
The higher temperature was expected because this area of the RTG is exposed directly to the lunar
surface and receives the most thermal radiation from the surface. However, figure 129 shows that the
temperature at this spot only reaches about 505 K, which is about 28 K below the maximum allowable
temperature.

The analysis results show that the RTG can effectively radiate the heat it generates in the lunar
environment. If the maximum calculated temperature had exceeded the allowable limit of 533 K, the
optical properties of the RTG surface could be modified to enable more effective radiation of the heat
load. But, if modifying the optical properties did not achieve the required result, an alternative method of
thermal control would have to have been employed, which might have required additional mass and
volume.

a=0.2
0.8

-t 117 m -

Figure 128. RTG dimensions and optical properties.
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Figure 129. RTG outer shell temperature.
Solar Array Analysis—The temperature of the solar array affects the efficiency of the solar cells.

For this reason, a preliminary thermal analysis using an -DEAS™ TMG™ model was done for the
original solar array configuration (the arrays were later enlarged), which is shown in figure 130.

Plane of solar

vector
Solar
—~— panels
East
1.07 m
\
27°
End view Side view

Figure 130. Solar array configuration analyzed.
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The solar array front surface was modeled as having & = 0.667, £ = 0.8, and the back surface was
modeled as having o = 0.8, € = 0.7. In addition, it was assumed that there was good conduction between
the solar array front and back surfaces. The predicted temperatures for the two panels are shown for one
diurnal cycle in figure 131. The maximum solar array temperature of approximately 370 K results in
some degradation of the cell efficiency.

400

West panel

3001

East panel

2001

Temperature (K)

Sunset

100 1

0 110 220 330 440 550 660
Time (Hours from Dawn)
Figure 131. Solar array temperature predictions.

5.5.5.4 Mechanism Analysis

Several mechanisms are included on LUTE. These have not been analyzed, but motors are
available which can withstand the expected temperature excursions (approximately 70 to 380 K). In
addition, thermal control coatings and paints can be used to reduce the expected temperature excursion
on selected components, if needed. While none have been identified to date, a few components may
require heaters to assure proper operation.

5.5.5.5 Thermal Control Conclusion

Thermal analyses and trade studies performed for the LUTE show that the lunar surface
significantly influences the thermal control systems of the telescope and supporting subsystem
equipment. Radiation from the lunar surface during the day heats the light shade interior, which then
heats the optical system and the detector radiator. The asymmetric light shade opening, coupled with the
radiation from the upper light shade, produces a temperature differential across the primary mirror
during the lunar day. Heat pipes or other highly conductive devices placed in and around the LUTE
baseplate can be used to reduce the temperature differential in the primary mirror.
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Mirror construction also affects the temperature differential in the mirror. Under the same
conditions, a mirror with a center hole will have a larger differential than one without a hole. Of the
mirror materials examined, beryllium has the smallest temperature differential, followed closely by SiC,
but the low thermal diffusivity of fused silica results in a very large temperature differential. The mirror
support system (three-point flexures or a ring) has little influence on temperature differential. Mirror
construction and material do not influence mirror maximum temperature and diurnal temperature swing.
Applying heat to the primary mirror to raise the minimum temperature can reduce the diurnal tempera-
ture swing, but if very precise temperature control is required, heat should be applied to the mirror at all
times.

Locating the telescope at a latitude near 65° north and tilting it southward to view at a 40°
declination provides several benefits to the thermal control system. Mirror maximum temperature
differential, maximum temperature, and diurnal temperature swing are all reduced by locating the LUTE
at 65° north latitude rather than 40° north latitude. In addition, the focal plane array can then be passively
cooled by a radiator situated forward of the secondary mirror. Passive cooling of the detector is not
feasible at lower latitude sites.

Thermal analyses have not revealed any serious problems in the area of subsystem thermal
control. Electronics box heat can be rejected at all locations studied, but the recommended location is on
the north side of the telescope. This location allows the use of louvers to regulate heat rejection and
avoid excessive heat rejection during the lunar night. The RTG can radiate 4,100 W of waste heat in the
proposed location and orientation. Its maximum case temperature will be approximately 505 K, which is
well within allowable limits. Future thermal analysis efforts for LUTE should identify thermal control
systems for the metering structure and the secondary and tertiary mirrors. Also, the effect of the stray
light baffles on optical system temperatures should be quantified. Eventually, a parametric assessment
must be done considering the effects of variations in local environment, such as lunar surface properties,
terrain, and landing slope, to determine the worst case thermal performance of the LUTE. In a similar
vein, some estimation of the uncertainty of thermal model results should be undertaken, either by com-
parison with test results, or by analysis of the solution algorithms and computer hardware precision.

5.6 Communications and Data Handling

The DSN has the capability to operate at S-Band, X-Band, and Ka-Band frequencies. The 26 m
DSN subnet, using S-band communications, is generally used for Earth orbit and near-space applica-
tions. Advantages of this option are the large numbers of space qualified equipment choices and the
magnitude of experience with this equipment. Disadvantages include higher power requirements, larger
antenna size, and the difficulty in obtaining frequency allocations due to the large number of spacecraft
using S-band. Table 49 compares the three bands along with a sample calculation of link margin using
the LUTE baseline requirements. This chart shows that with the 200 kb data rate, using a 0.3 m diameter
antenna at the telescope and 10 W of RF power on the DSN 26 m S-Band antenna, the link margin is a
positive 7.2 dB. This is a sufficient margin for good communications and a reasonable power allocation
for the current power system. Using X-Band would give a +18.7 dB margin and would permit a power
reduction or a data rate increase and still have an acceptable link margin. As requirements become more
fully defined, the various transmission band options will be reexamined.
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Table 49. LUTE frequency options.

S-Band X-Band Ka-Band
Frequency/Wavelength 2.25 GHz 8.4 GHz 39.0 GHz
13.3 cm 3.57 ¢cm 0.77 cm

Antenna Gain Ref. +11.5dB +23.1dB

Comparison (Theor.)

Weather/Atmospheric Least Sensitivity Little Sensitivity -0.5dB @ 30el.

Link Degradation -7.0dB @ 10 el.

Power Amplifier TWTA 30-50% TWTA 30-40% TWTA 30-35%

Efficiency

Technology Mature/Proven Mature/Proven Technology Ongoing

Link Margin (200 kHz, 7.2dB 18.7 dB 30.3dB

1 ft, 10 W, 26 m DSN)

DSN Availability Yes Yes Yes

Design Impacts Largest Antenna and Smaller Antenna Smallest Antenna

Power Requirement Lower Power Lowest Power Req.
Frequency Allocations | Lower Beam Width Low Beam Width May

Require Frequent
Pointing.
Attn. at Low Elev.
Angles.

If the data rate should increase from the baseline 200 kbs, some adjustments will be necessary in
the C&DH subsystem. A data rate increase will necessitate an increase in the output RF power or an
increase in the antenna size or both. For example, a data rate increase to 400 kbs would require the RF
power output to be doubled (to keep the same RF link margin). This would also double the required dc
input power to the transmitter. Conversely, doubling the data rate at the same power will resultin a 3 dB
reduction in the current link margin, or to0 +4.2 dB in the current design. Antenna size effects are pro-
portional to the area change (or the square of the diameter). Doubling the antenna diameter increases the
area by four times with a 6 dB increase in the link margin. However, another factor comes into play with
increased antenna size and that is beam width, which decreases with antenna size. Doubling the size of
the current antenna from 0.3 m to 0.6 m would reduce the beam width from 30.4° to 15.2°. This would
require the LUTE antenna to be repositioned more frequently to track the Earth.

Other potential impacts are in hardware weight and volume, software capabilities, and data
handling and storage capacity at the ground station. Except for a minimal increase in transmitter weight
and volume, these impacts are not considered to be significant. All of these factors will need to be
examined if the data rate increases, to see what combination gives the most efficient system with the
least impact.
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5.7 Pointing and Alignment
5.7.1 Guidelines and Assumptions

The objective of the pointing system is to meet the telescope alignment requirements and accom-
modate attitude errors present after landing. Design goals are to provide a lightweight, low-power, and
low-cost system utilizing hardware and designs that have previously flown. No sensor information from
the lander will be available for use by the telescope subsystems. The telescope operates in a transit
mode, in which no tracking of celestial targets or reorientation is necessary after initial attitude acquisi-
tion. Hence, control systems were not required for this telescope, particularly in light of the risk,
complexity, and cost of these systems. Compensation for disturbances was not required of the pointing
system, since small variations in the observed region of sky could be identified by processing data from
the alignment CCD’s. It is not clear at this time whether the response to alignment disturbances will be
small enough to continuously satisfy the arcsecond east-west requirements. Small periodic alignment
adjustments may be necessary during operation. Assuming all disturbances are thermally induced, the
mirror deformations are being accommodated by the thermal control system, and deformable or actively
controlled mirrors will not be used. A five DOF steerable secondary mirror has been identified as
necessary for focus and tilt adjustments.

The emphasis of phase A tasks has been on estimation of alignment requirements, identification
of suitable pointing system components, and component and configuration trades. The mount must
provide a 42°-tilt capability in all directions so that the 40°-declination requirement can be met from a
66.5° latitude with a maximum 15° lander tilt. To avoid changes to the telescope configuration, the
mount was required to attach to the telescope at the baseplate. The mount must interface with the lander
bolt hole pattern, not change the configuration of the lander, or intrude on the region below the interface
points. Redundancy of certain components may be desirable, but is not a major criterion. Alignment
requirements are discussed in section 4.2.7; the pointing requirements are 14.6 arcseconds in roll about
the line-of-sight, and 5 arcminutes of north-south tilt, over a device integration time of 883 seconds. The
function of the pointing system is to acquire the proper telescope attitude after lunar landing, and then
maintain that attitude over the 2 year lifetime of the telescope. A nominal list of tasks for attitude
acquisition include initial estimation of both axis and angle of tilt, rotation of the evaluation axis to the
proper azimuth, elevation of the telescope to the proper declination, and roll of the light
shade/antenna/electronics assembly to their proper orientation. After the aperture cover is removed and
any other deployables are positioned, alignment sensing and mount adjustments are initiated.

5.7.2 Acquisition Sensor Trades

Attitude acquisition begins immediately after landing, so that estimates of tilt and roll angles can
be used to align the light shade/antenna/electronics assembly to their proper orientation. Tilt direction
must be sensed for proper orientation of the elevation axis, since the combination of lander deck tilt and
40° pointing declination cannot be determined before landing. Tilt direction and angle could be sensed
by a tiltmeter; laboratory tiltmeters are available that sense tilt within 1 arcsecond. Unfortunately, no
readily available space-qualified tiltmeters could be identified, although the pendulum sensor on the
Saturn guidance platform was suggested as a possible alternative. Lander tilt estimates of approximately
1 arcminute could be provided by the dc component from the lander accelerometers, and the lander star
tracker may provide additional attitude information if it is not pointed at the Sun or the Earth, but study
guidelines preclude any use of lander information by the telescope. Hence, an accelerometer set on the
mount is recommended. Pointing declination and roll angle sensing can be provided by a Sun sensor
mounted to the light shade or antenna. Unfortunately, Sun sensors will not operate or even survive over
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a full lunar thermal cycle. Preliminary estimates of the antenna bracket temperatures indicate a swing
from 80 to 370 K over the full lunar day. Sensor head operational temperatures must be maintained
within 263 to 333 K, and nonoperational temperatures range from 233 to 343 K. Since no thermal
control will be provided for the Sun sensor head, it will be functional for only about 24 hours after
landing, and so initial attitude acquisition must be accomplished during this time. A NASA-qualified
two-axis fine digital Sun sensor, providing a 64° by 64° FOV, has been baselined, and a supplemental
coarse Sun sensor is recommended.

5.7.3 Telescope Mount Trades

Various telescope mount designs were considered for use on LUTE. Lightweight, low-power,
short designs that have already been space-qualified or flown are characteristics to be used in design
selection. Alignment requirements indicate that as a minimum the three rotational DOF are necessary
(azimuth, elevation, and roll can be used to characterize these DOF). Translational DOF have not been
identified as necessary during the phase A final study, since the telescope design has not progressed to
the point where translational balancing should be considered. An evaluation of lander postlanding
attitude capabilities shows that the telescope mount must provide a £180° roll capability, but only 42° of
tilt capability is necessary for the selected lunar site and pointing declination.

Traditional telescope mounts,*4 such as horseshoe, frame, or English mounts, require broad bases
that are unsuitable for the small interface surface provided by a lunar lander. German mounts are suit-
able only for designs without height constraints, and yoke or fork mounts are generally massive. All of
these mounts are designed to support and rotate the telescope about its center of mass, which was not
suitable for the LUTE configurations. Lightweight balloon-borne telescope mounts were examined,45-47
but these mounts are designed to be hung below a gondola, and counter-rotational controls with counter-
weights are one of the main design considerations for these mounts. Single-column mounts, such as the
shuttle-based IPS, were also considered, but in many cases they are too tall or weigh too much for our
application. The telescope was zenith-pointing during the first part of the study, requiring only a maxi-
mum tilt of 15° to accommodate the lander crushing, surface slope, and site errors. Hence, the first half
of the study examined mounts with small tilt capabilities, a tilt-plate mount, and the hexapod mount
design baselined in earlier telescope studies like the 2 m LTT.48

The tilt-plate design, shown in figure 132, consists of two actuators and a ball socket mounted on
a rollring. For the 21.8” strut angle shown, the nominal actuator length is 0.875 m, with a stroke length
of 0.292 m. The ball socket is elevated to a height of 0.3251 m above the rollring, so that the optical
assembly is vertical during launch and landing. The rollring provides £180° about the line-of-sight for
east-west alignment of the focal plane. Unfortunately, this design does not provide moment control
about the horizontal centerline that runs between the two actuators and through the outer ball joint. For
equal actuator lengths, the telescope will rotate about this axis until the baseplate rests on an actuator.
The tilt capability for this configuration about other azimuthal axes is shown in figure 133. The right half
of the tilt range is defined by a 5° limit on the angle between the strut and the lander mounting surface,
preventing horizontal strut configurations that produce infinite loads. The left half of the tilt range is
defined by the maximum and minimum strut lengths due to stroke. For axes with tilt capability greater
than 90°, a value of 90° has been assigned. Tilt angles at the 0° and 180° axes are not defined, since all
angles will satisfy the kinematic equations for these axes. This configuration problem is resolved if the
upper hardpoints of the actuators are not colocated, but the tilt capability will change. The maximum tilt
angle that can be guaranteed about any axis is 22.1°. Actuator resolution is probably adequate for tilt
accuracy specifications, but focal plane roll alignment requires arcsecond accuracy for the rollring. Since
the tilt-plate concept requires more design definition, and the hexapod mount has been defined in previ-
ous studies, the hexapod concept was selected early in phase A when small tilt capability was required.
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Figure 132. Tilt-plate mount.
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Figure 133. Tilt range for tilt-plate configuration.
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Hexapod mounts have been used for many years for precision alignment and support of
secondary mirrors, for both ground- and space-based telescopes. Although they provide six DOF,
applications with symmetric optics do not generally require roll alignment, and so hexapod mounts are
treated as five DOF redundant systems. Hexapods also provide small ranges of motion, which were
appropriate for early LUTE tilt requirements, but not for roll. Hence, a rollring assembly was added to
the hexapod mount to provide roll range and gross alignment capability, and the hexapods were used for
fine roll alignment.

Since pointing requirements for the light shade, high-gain antenna, and the electronics box were
on the order of degrees in the first half of the study, a trade was done early to determine if a separate
fine-alignment rollring could be used for the focal plane and another roliring for the rest of the assembly.
Since the optics do not need to roll, the bigger rollring would just rotate the light shade/antenna
assembly, and the electronics box, as shown in figure 134(a). This option requires a complex design to
accommodate load-paths between the outer rotating assembly and the telescope mount, adds another
mechanism near the detector, and may increase the overall diameter of the telescope. Since the focal
plane rollring and motor should not obscure incoming light and also not contribute to the heat rejection
of the detector, this option was not considered.

(a) Separate focal plane rollring.  (b) Rollring at lander interface.  (c) Rollring at telescope interface.
Figure 134. Rollring trades.

For the single rollring configuration, two locations were considered. A rollring at the lander
interface, shown in figure 134(b), has the potential for accuracy due to the large diameter, but would also
be heavier than locating the rollring at the top interface, as shown in figure 134(c). This last option also
has the potential of weight reduction by integrating the rollring with the telescope baseplate structure.
Since the hexapod actuators are nominally capable of providing fine roll adjustments, the option in
figure 134(c) was chosen for the baseline rollring configuration during the first half of phase A.

5.7.4 Kinematic and Static Equilibrium Equations

To analyze the capability of various mount configurations, kinematic and static equilibrium
equations were derived and programmed in MATLAB™. 49 The center of the lander interface surface
will be treated as the origin of an inertial coordinate frame 7, J, K, where the K-axis is normal to the

interface surface. A body-fixed coordinate system i, j, k aligns the k-axis along the line-of-sight, and has
an origin at the center of mass. The telescope mass has six DOF, represented by the Cartesian inertial
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translational coordinates {x, y, z}, and the azimuth, elevation, and roll angles {%, i = 1,...,3}. Each
actuator has three DOF, represented by the spherical coordinates {r;, 6;, ¢, i = 1,...,6}, to provide
orientation with respect to the inertial reference frame. The system is constrained, however, by the ball
joints at each end of the actuator, so that motion of the telescope mass and the actuators is not
independent. The constraint equations are derived by writing vector loop closure equations for each
actuator, as shown in figure 135. The vector R from the origin to the actuator base hardpoint is added to
the vector r along the actuator, and this in turn is added to the vectors s and [ in body-coordinates, where
s runs from the upper hard-point in to the center of the telescope base, and / runs up to the center of
mass. The inertial-coordinate vector from the center of mass to the origin —(xI+yJ+zK) is added to this
sum, and the total around the loop is set to zero. Each actuator’s vector loop equation provides three
scalar constraint equations. The system is represented by the 24 coordinates {x, y, z}, {%, i = 1,...,3}, and
{ri 6, ¢:, i =1,...,6}, but with the 18 constraint equations the motion still has six DOF.

K

Figure 135. Kinematic constraint loop closure equations.

Traditional solutions30 5! to the loop closure equations would utilize iterative methods like
Newton-Raphson to solve for the attitude and translational variables in terms of the six actuator lengths,
which are the commanded variables. In the solution technique used for this analysis, the constraint
equations for the actuator variables are solved after specifying values for the six attitude and transla-
tional coordinates. Then the actuator lengths are checked to meet the stroke length constraints. Checks
are made for singular configurations or geometries in which the actuators intrude below the lander inter-
face. This technique solves the inverse problem, which provides sufficient but not necessary configura-
tions. For use in a control algorithm, however, one would need to ensure that the solutions are necessary
and unique as well as sufficient.

5.7.5 Hexapod Mount Trades

The design goal was to determine a hexapod configuration that is short, lightweight, utilizes the
lander interface hardpoints, and meets the alignment requirements. Maximum tilt capability is the
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primary consideration, with roll capability as a function of tilt to be defined after a configuration is
selected. Although no translational requirements have been defined, excessive motion of the telescope
center of mass may cause the lander to shift in the lunar soil, and so the mount has been designed to
constrain telescope CG translation. Strut forces should not be excessive. The lander interface surface
was identified early in the study as a possible location for mounting the subsystems, and so the actuator
workspace needed to provide an adequate region below the rollring for this packaging. The mounting of
antennas and the electronics box on the sunshade requires us to locate the rollring at the telescope base
rather than higher on the barrel of the telescope, and, although additional capability can be found by
placing this ring at a higher location, that configuration parameter could not be adjusted in these studies.
Nominal actuator length is defined at midstroke, and stroke length throughout this analysis is sized as
one-third of the nominal strut length. Calculation of forces was based on an early estimate of 133 kg for
the telescope moving mass, and the mount capability was determined for a center of mass at 0.58 m
above the rollring, along the line-of-sight. The lander hardpoint locations were provided by JSC;12 the
outer hardpoints are located 0.909 m from the centerline, and the inner hardpoints are 0.381 m from the
centerline.

Four hexapod configuration options were analyzed, as shown in figure 136. Option 1 utilizes the
outer lander hardpoints, with upper actuator hardpoints located at 120° apart. Option 2 relaxes colocation
of the upper actuator hardpoints in option 1. Option 3 is the vertical inverse of option 1, and provides
flexibility by varying the angle between upper hardpoints. Option 4 utilizes the lander inner hardpoints
with the option 1 configuration.

Option 1 Option 2 Option 3 Option 4
Figure 136. Hexapod mount trades.

Analysis for option 1 included tilt angle capability for various actuator lengths, strut forces,
actuator workspace, and sensitivity to configuration changes. The maximum tilt angle for a particular
horizontal axis varies as that axis changes from 0” to 360° around the base. Most hexapod configurations
will produce three- or six-sided tilt regions, as shown in figure 137(a). The maximum tilt angle that can
be guaranteed in any direction is the radius of an inscribed circle for this region. Figure 137(b) plots the
maximum tilt angle as a function of nominal actuator length. A 0.813 m actuator will provide 15.3° of
tilt, as shown in figure 137(a), with a stroke length of 0.271 m. The actuator lengths corresponding to the
maximum tilt angle are plotted in figure 138. The actuator workspace and corresponding region
available for subsystem packaging are plotted in figure 139. Note that each pair of upper hardpoints
traces out a planar ellipse as the actuators tilt the telescope. The upper surface of the subsystem packag-
ing region is defined by the motion of the telescope base. Variations in upper and lower hardpoint radii
showed that option 1 is sensitive to lander hardpoint locations.
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Figure 137. Option 1—tilt angle.
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Figure 138. Option 1—actuator lengths at maximum tilt angle for 0.813 m actuators.

Several upper hardpoint locations were considered in evaluation of option 2. Locating the upper
hardpoints directly over the lower hardpoints (at 60° separations) provided the largest tilt angles for a
given actuator length, but the equilibrium solution for the strut forces in this configuration showed that it
is statically indeterminate. This configuration also had the potential for kinematic instability, in which
the struts would allow the telescope to collapse down to the lander interface surface. Hence, this
configuration was not pursued.

Option 3 provides the flexibility to optimize placement of the actuator upper hardpoints to
maximize tilt. Variations in the angle between upper hardpoints indicated that smaller angles between
pairs, in which the actuators are more vertical, produced more tilt angle for a given actuator length. In
fact, a maximum tilt angle is produced when the angle is reduced to zero and the pair collapses to a
single actuator. This configuration is also statically determinate, since the redundant struts from option 2
have been removed. Unfortunately, the three-strut configuration is kinematically unstable, as shown in
the free-body diagram of figure 140. The struts are two-force members, either in tension or compression,
so that actuator forces must be applied to the upper plate along the strut longitudinal directions. These
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Figure 139. Option 1—actuator workspace for 0.813 m actuators.

forces each produce a moment r X F perpendicular to the plane defined by the strut and the radial vector
from the center to the upper hardpoint. These three moments sum to zero in the horizontal plane, but
produce a nonzero sum in the vertical direction, causing the plate to rotate and fall to the interface plane.
Hence, the three-strut configuration is eliminated, and a six-strut configuration that can provide forces in
directions that counteract these nonzero moments must be used.

To determine the upper geometry for six actuator configurations in option 3, the sensitivity to
angular separation between actuator pairs and rollring radius was analyzed. A strut length of 0.508 m
was chosen for this analysis. Angular separation was parametrized using the upper half-angle between
an actuator pair; for a 0.56 m rollring radius, the maximum tilt angle and strut force are plotted in figure
141. Small angular separation produces larger tilt angles, as shown before, but also requires larger strut
forces, and so an upper half-angle of 10° that just meets the 15°-tilt requirement from the first half of
phase A was selected. For a 10” upper half-angle configuration, the sensitivity to rollring radius is
plotted in figure 142. The tilt angle is maximized for a rollring radius of approximately 0.56 m, pro-
viding the required 15° of tilt. Note that this rollring radius is close to the 0.55 m radius determined in
option 1.

Using a 0.508 m nominal strut length, a rollring radius of 0.56 m, and a 20" total upper
separation angle between actuator pairs, option 3 provides a 15.32° tilt capability. Strut forces range
between 458 N in compression and 334 N in tension, as shown in figure 143(a); actuator length at the
maximum tilt angle is plotted in figure 143 (b). Roll angle capability decreases to zero as the tilt angle
increases, as shown by the surface in figure 144. A 16.7° maximum roll capability is available for 0" tilt,
and the average over this tilt region is 5.9°. This roll capability will be used for fine roll adjustments to
achieve the arcsecond alignment requirements for the focal plane.
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Figure 140. Option 3—three-strut configuration.
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The hexapod workspace for option 3 is shown in figure 145, and coordinates of lowest actuator
points are indicated to determine packaging space on the lander interface surface.

Z (m)

{0.358, 0.130, 0.217)

Available for
Subsystem Packaging

Figure 145. Option 3—actuator workspace and region available for subsystem packaging.
Option 4 utilized the lander inner hardpoints, at a radius of 0.381 m. For a rollring radius of

0.56 m, the maximum tilt angle as function of actuator length is plotted in figure 146. This option
requires a 1.118 m actuator to meet the 15° tilt requirement, so it will not be pursued.
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Figure 146. Option 4—maximum tilt angle for various actuator lengths.
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In summary, four hexapod configurations shown in figure 136 were analyzed. The first option
provides no choice for upper and lower hardpoint locations, and required a 0.813 m actuator to meet the
15° tilt requirement needed during the first half of the study. The maximum actuator force was 120 N for
this configuration. Option 2 required a 0.559 m actuator for the 15° tilt capability, but the best config-
uration was statically indeterminate. Option 3 was found to provide 15° tilt with a 0.508 m actuator,
required 460 N maximum actuator force, and the triangular region on the lander interface surface below
the actuator workspace had a height of 0.22 m. Option 4 provided no choice for upper or lower hard-
points, and required a 1.118 m actuator to meet the tilt requirement. Hence, option 3 with a 20° angular
separation between actuator pairs is the preferred configuration for hexapod mounts.

During the second half of the study, the site selection and pointing declination were changed to
improve the thermal environment for the optics. The tilt range requirement changed from 15° to 42°, and
hexapod mounts were no longer a suitable candidate. Hence, tilt-plate mounts and azimuth-elevation
mounts were reconsidered.

5.7.6 Tilt-Plate and Azimuth-Elevation-Roll Mount Trades

The tilt requirements applicable during the second half of the study required a revisit to the
mount trades. Figure 147 shows some of the mount options considered. The actuator lengths in hexapod
configurations tend to grow as the tilt requirement is increased, increasing the telescope/lander stack
size. The overall height could be decreased by attaching the lower actuator hardpoints on the lower struts
of the lander, which would require some redesign of the lander to ensure room for actuator motion, or
attaching the upper actuator hardpoints above the telescope base. Both of these options violate guide-
lines, and so the mount is constrained to lie between the lander upper surface and the telescope base.
Figure 148(a) shows a parametric study of tilt capability as a function of actuator length for the hexapod
configuration selected earlier. The tilt space for a 3.048 m actuator meets the 42° tilt requirement, as
shown in figure 148(b), but this length is unsuitable for this application. Hence, hexapod mounts were
eliminated from consideration. Lander accommodation of large tilt errors, either by adjusting the le gs or
the lander structure, was also eliminated, since those options would produce large shifts in the composite
telescope/lander center of mass that could affect stability and would require modifications to the lander.

Telescope
Mount
i Lander
Azimuth
Hexapod .L-'Z.v. Tilt-Plate accomo-
Mount Roll Mount dation of
large tilt
21T

Tilt-Plate
Roll
Mount

Figure 147. Mount options for 42° tilt requirement.
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Figure 148. Hexapod mount tilt capability.

Viable options included azimuth-elevation-roll mounts and variations on the tilt-plate mount
considered earlier. Aligning the elevation axis through the telescope center of mass reduces loads on the
bearings, but would require that the mount extend up past the telescope base and violate the mount
guidelines. Hence, the elevation axis of the azimuth-elevation-roll mount will be located at the telescope
base. Tilt-plate mounts include two-actuator dual-rollrings and single-actuator dual-rollrings. The single-
actuator tilt-plate rollring mount is a blend of tilt-plate and azimuth-elevation-rollring mounts. These
four concepts are shown in figure 149.

Azimuth-Elevation- Two-Actuator Single-Actuator Two-Actuator
Roll Mount Tilt-Plate Tilt-Plate Tilt-Plate
Dual-Rollring Roll Mount Roll Mount

Figure 149. Azimuth-elevation-roll and tilt-plate concepts.
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The azimuth-elevation-roll mount is composed of upper and lower rollrings and elevation
actuators mounted on a support structure, as shown in figure 150. The lower rollring rotates until the
elevation axis is aligned perpendicular to the deck tilt vector, in the plane of the lander deck. The
elevation axis is offset from the telescope centerline by 0.199 m, which aligns the telescope center of
mass vertically over the elevation axis when the telescope is tilted 26.5°. This minimizes the moment
about the elevation axis. Compensation for lander tilt error will shift the telescope center of mass within
a 15° cone around this posmon producing a maximum static torque load of 53 Nm on the e¢levation axes
(based on a 305 kg moving mass estimate). A 100 Nm torque is required to initially tilt the telescope by
26.5° from its launch-lock position to align the center of mass over the elevation axis, and will be used to
size the elevation motors. The upper rollring rotates the telescope and detector to its proper east-west
orientation, which puts the high side of the light shade and the antenna on the southern side of the
telescope. The 0.4 m vertical clearance between the two rollrings provides a 90° tilt capability.

The two-actuator tilt-plate dual-rollring concept shown in figure 151 utilizes the same two
rollrings considered in the previous concept. The elevation axis has been replaced by two linear
actuators and a ball-joint attached to the upper rollrmg The location of the upper and lower hardpoints
for the actuators and ball-joint were varied to maximize tilt capability and minimize mount height. Both
radial and azimuthal variations of the upper and lower hardpoints were analyzed for various actuator
lengths. The optimum location for the actuator hardpoints is diametrically opposite each other, with the
upper hardpoints located 0.24 m apart. A 0.82 m actuator length pr0v1des a 42° tilt capability on the ball-
jomt side, as shown in figure 152, but only a 24° capability on the “free” side. Hence, the lower rollring
is necessary to align the maximum tilt capability with the required azimuth. The vertical separation
between the two rollrings is 0.46 m when the actuators are backed down to their minimum lengths. The

upper rollring still aligns the telescope assembly to its proper east-west orientation.

Vibration Isolation
and Fine Adjustment
System

Rotary
Incremental
Actuators

-
Upper Rollring
(0.56m radius)

) N Launch Lock
= = Lower Roliring
- (0.909m radius)

Figure 150. Azimuth-elevation-roll mount.
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Figure 151. Two-actuator tilt-plate dual-rollring mount.

100" radius

Figure 152. Top view and tilt region without lower rollring for two-actuator tilt-plate

dual-rollring mount.

Since the previous configuration still requires two rollrings to provide £180° tilt capability, a
single-actuator tilt-plate roll concept will perform the same function with one less actuator. This mount
concept is shown in figure 153. The lower rollring aligns the elevation axis for tilt by the single linear
actuator. The elevation axis is a simple single DOF rotational joint, with no motors or sensors, and is
offset from the telescope centerline by 0.199 m to minimize the bearing loads. A 1.63 m linear actuator
with 0.54 m stroke provides a uniform 42° of tilt capability, but requires a 1.36 m vertical separation
between the upper and lower rollrings. Telescope east-west alignment is still provided by the upper roll-
ring, which can be designed to an appropriate diameter.
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Vibration Isolation
and Fine Adjustment
System

Upper Rollring

Hinge (0.56m radius)

1.63m Actuator

Lower Rollring
(0.909m radius)

Figure 153. Single-actuator tilt-plate roll mount.

In an attempt to eliminate the lower rollring, the two-actuator dual-rollring mount was revisited.
A parametric study was made of actuator lengths, upper hardpoint locations, and ball-joint location, with
goals of minimizing mount height and maximizing tilt capability. As shown in figure 154, the optimum
mount configuration requires 1.0 m actuators, with lower hardpoints located at the outer lander interface
points and upper hardpoints located at a 0.187 m distance apart, diametrically opposite each other on the
upper rollring. The ball-joint location was varied in the study, but the most even tilt coverage was found
for the ball-joint at the same radius as the actuator upper hardpoints. The tilt region for this configura-
tion is shown in figure 155; a 90 tilt capability is provided on the ball-joint side, and a minimum of 42°
in tilt is provided on the actuator side. The minimum actuator length, with the ball screws backed into
the actuators, is the limiting factor for this tilt capability. As in the previous mount concept, the upper
rollring has not been sized. The figure shows a small rollring directly over the upper hardpoints of the
actuators and the ball joint, but a larger rollring such as that shown in the previous mount concept is also
possible with additional support structure.

A top-level assessment was made of the four mount concepts shown in figure 149. The two-
actuator tilt-plate dual-rollring concept, although short at 0.46 m, utilizes two actuators as well as the
lower rollring to meet the 42° tilt requirement, and needs a two DOF elevation point. Its DOF’s are also
not independent of each other, so that tilt commands must coordinate the motion of both actuators. The
single-actuator tilt-plate roll concept does exhibit independent DOF, and a single DOF elevation axis,
but is very tall, requires a long actuator, and still needs the lower rollring. The two-actuator tilt-plate roll
mount concept does not require the lower rollring, but exhibits interdependent DOF and needs the
two DOF elevation point. The azimuth-elevation-roll mount is the shortest concept considered, has
independent DOF, and is amenable to drive-motor redundancy on the elevation axis. It requires the
lower rollring. The azimuth-elevation-roll mount concept was chosen for the phase A reference design.

Since the LUTE holds the same fixed pointing attitude over its lifetime, the mount must provide
enough range to initially acquire the proper right ascension and declination, and enough precision to
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Figure 154. Two-actuator tilt-plate roll mount concept.
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Figure 155. Top view and tilt region for two-actuator tilt-plate roll mount.

hold that attitude. The mount concepts considered here are two-tiered systems, in which the lower
system provides the DOF for the proper orientation, and the upper system interfaces between the lower
mount and the telescope baseplate. This upper system will provide vibration isolation and fine adjust-
ment capability to accommodate any disturbances to the telescope attitude. A major source of distur-
bances will be the warping and structural distortions of the lander and lower mount due to lunar thermal
cycling. These disturbances will occur at very low frequencies, and will most likely require an active
isolation and adjustment system. Other sources of disturbances may be thermal expansion and contrac-
tion of tanks, joints, and structural components in the lander, which may occur at high frequencies and at
unpredictable times during the telescope operation. Since a specific lander has not been chosen for this
telescope, no assessment has been made of frequency and amplitude characteristics for the disturbances,
which would be necessary to design the upper isolation system. A preliminary weight and power esti-
mate for the isolation system has been provided, however, based on a recent study of passive and active
damping using magnetostrictive actuators.>?
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Since the telescope power source is located on the lander, power may be transmitted across the
mount by either sliprings or power rollrings, or by a cable bundle that rotates with the mount structure.
The latter choice is baselined for the LUTE. Although the cable bundle will provide a nonuniform load
on the mount during operation, this design simplifies the rollring components of the mount bearings and
actuators, allowing selection of racerings supported by bearings. The racering and bearing system for the
Space Station Alpha joints’3 has been used as a design template for the upper and lower rollrings in the
mount.

5.7.7 Component Selection and Weight and Power Estimates

To provide weight and power estimates, a nominal set of hardware was selected for some
components of the pointing system. The elevation axis motors are rotary incremental actuators, as shown
in figure 156. The selected motor is a permanent magnet stepper with an output of 0.004° per step, and a
harmonic drive ratio of 200:1. Optical disk and absolute encoders are located in a small chamber in the
motor housing. The output torque capability for a typical load is 136 Nm, with a maximum torque of
272 Nm. Typical unpowered holding-torque capability is 90 Nm, and 200 Nm for powered capability.
Total mass for each elevation actuator is 7.7 kg, with an average power estimate of 16 W each during
usage.

The upper and lower rollring assemblies utilize pinion-gear-driven racerings supported by
redundant tapered roller bearings, as shown in figures 157 and 158. These racering assemblies have been
scaled from the 3.2 m diameter Space Station Freedom solar array rotary joint. Six sets of trundle
bearings have nominally been allocated to each LUTE racering; a design analysis will be necessary to
determine the minimum number of bearings and to optimize their location for our application. The upper
and lower drive motors include resolvers and utilize 10 W apiece during operation. The upper racering
assembly mass estimate is 7 kg, and the lower assembly is 15 kg. An additional 10 kg is allocated for the
structure to support the elevation axis and upper rollring, and 2 kg for the launch lock and its support
structure. Although the mount structure has not been designed in this preliminary assessment, it should
exhibit dimensional stability over the range of lunar temperature variations. ~

Figure 156. Elevation axis actuators.
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The Sun sensor, which is used only during initial acquisition after landing, has a mass of 1.3 kg
including its remotely-located electronics, and requires 2.8 W. The three-axis accelerometer that
provides tilt-sensing after landing and possibly some vibrational disturbance sensing has a mass of
0.34 kg and requires 3 W.

The vibration isolation and fine adjustment system has a mass allocation of 10 kg. If six mag-
netostrictive actuators/transducers are utilized, a nominal power estimate of 60 W would be needed
during their short periods of use.

The secondary mirror actuators tilt, focus, and despace the secondary mirror. An optical assess-
ment of the necessary rigid body displacements of the secondary mirror has not been completed, but a
nominal set of actuators was chosen for weight and power estimates. The secondary actuators have both
coarse and fine strokes. Each coarse stroke stepper motor provides 750 um stroke with 0.2 um resolu-
tion, and requires 0.35 W continuously and 16 W peak power. Its remotely located drive electronics
requires 2 W. The fine stroke phase-change actuator has a 2 um stroke, with less than 0.006 um
resolution, and requires less than 0.05 W; its drive electronics at a remote location also requires 2 W of
power. Linear Variable Differential Transducers (LVDT’s) provide displacement sensing for feedback
control of the coarse actuators, and require 2.4 W of continuous power. The total mass of each actuator
is 0.23 kg, and includes the stepper motor, harmonic driver, LVDT, two circular flexure springs, a guide
tube, mounting hardware, a mirror-mount button, and the fine stroke phase-change actuator. A
breadboard actuator is shown in figure 159.

Figure 159. Secondary mirror actuator.
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With a 3 kg nominal estimate for cables, the total mass estimate is 66 kg. Initial acquisition
requires 6 W for sensors, and 42 W for the lower racering and elevation actuators. The upper racering
assembly requires 10 W, and will probably be used after the lower actuators have been moved. The
vibration isolation and fine adjustment system may require 60 W, but it will most likely be activated for
very short periods of time during telescope operation. The secondary mirror actuators require 30 W
during periods of their operation.

5.7.8 Conclusions, Issues, and Concerns

A telescope pointing system has been defined to meet telescope declination requirements and to
accommodate attitude errors of the lander. Acquisition sensors and a telescope mount have been
identified by design trades, and weight and power estimates have been completed for components.

There are, however, some remaining issues and concerns with the pointing and alignment system
that have to be addressed in phase B. The Sun sensor head used for initial attitude acquisition will only
be operational during the first 24 hours after landing on the lunar surface, due to the significant
temperature increase and the absence of thermal protection. Hence, alignment must be completed during
this first 24 hours, and operational timeline analysis has not indicated if this is adequate. The telescope
mount actuators were selected for a 305 kg moving mass located 0.4 m above the telescope base, and
may be inadequate for a heavier mass estimate. Racering and bearing size and location have not been
determined for the loads encountered during telescope operation. Material selection for the mount
structure and bearing surfaces should be made with consideration of the lunar thermal variations and 2
year lifetime. Requirements for both the vibration isolation and fine adjustment system and the
secondary mirror actuator system have not been identified, so actuator selection may not be adequate,
and the frequency of use with the corresponding power profile is unknown. The need for tertiary mirror
tilt actuators has not been identified. Control algorithms necessary for operation were not developed
during the phase A final study.

5.8 Landing Site Selection Analysis
5.8.1 Introduction

The selection of the landing site for LUTE is driven by scientific goals and design considerations
that influence its performance. Of particular concern are the site influences on thermal performance
communications and attitude and alignment requirements.
5.8.2 Requirements

A complete list of specific science requirements for lunar astronomy is currently in the formative
stages in the astrophysics community. Until these detailed requirements are agreed upon and made
available, the ground rules listed in table 50 are used to serve as a guide for selecting a lunar site for

LUTE. Included in table 50 are the locations on the Moon where each ground rule can most easily be
satisfied.
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Table 50. Ground rules used for LUTE site selection.

Requirement Favored Location

1. Maximize sky coverage Equator
2. Avoid sunlight in telescope aperture Mid and higher latitudes
3. Avoid earthshine in telescope aperture Prime meridian, mid to high latitudes
4. Provide continuous communication with Earth Near side
5. Provide galactic pole viewing 30° latitude
6. Minimize telescope alignment requirements Smooth, flat mare regions
7. Minimize lunar surface thermal radiation High latitudes, polar region
8. Avoid geocorona Lyman-a background Eastern or western limb
9. Locate in area of lower micrometeoroid flux and Eastern limb

velocities

5.8.3 Sky Coverage

The LUTE is a “transit” telescope. After landing on the Moon, it will be aligned to view a select-
ed lunar declination. Other than this initial alignment (and perhaps occasional alignment adjustments),
no capablhty to point the optical axis to other areas of the sky is required. The rotation of the Moon on
its axis causes the optical FOV to sweep a swath across the lunar sky. This is illustrated in figure 160. In
27 days, 7 hours, 43 minutes, 11.5 seconds, the Moon rotates 360° with respect to the stars (or about
13.18°/day). As indicated in figure 160, the sky coverage becomes less for higher viewing declinations.
The maximum sky coverage is achieved for a pointing direction that is perpendicular to the Moon’s spin
axis: for example, a zenith-pointing telescope located at the Equator or a telescope at 45° latitude tilted
45° southward from zenith. Although a viewing declination of 0° maximizes sky coverage, later
discussion will reveal the difficulty in adequately shielding the telescope from sunlight and earthshine
while oriented in this direction.

In addition to the Moon’s rotation about its polar axis, the polar axis itself has a motion which
affects the amount of sky that can be observed. Figure 161 shows the geometry of the Earth-Moon
system relative to the ecliptic plane.

As indicated in figure 161, the Moon’s spin axis is tilted from the ecliptic pole by a constant
angle of approximately 1.5°. Furthermore, the spin axis “cones” about the ecliptic pole making a
complete circuit every 18.6 years. This motion occurs because of (1) the precession of the Moon’s orbit
plane about the ecliptic pole, and (2) the fact that the nodes of the lunar equator on the ecliptic remain
aligned with the nodes of the lunar orbit plane on the ecliptic. This motion of the Moon’s spin axis
causes the monthly visibility swath (fig. 161) to shift slightly from month-to-month. Eventually, after the
Moon’s orbit plane (and its spin axis) has completed its 18.6 year precessional cycle, the telescope will
have seen as much of the celestial sphere as is possible for the LUTE FOV. Figure 162 shows how sky
coverage changes with viewing declination for various LUTE FOV’s assuming continuous LUTE opera-
tion. The use of solar power as a sole power source would preclude LUTE operation when the Sun is
below the horizon. LUTE operations would, therefore, be limited to approximately 2 weeks each month
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(about 194° of Moon rotation with respect to the stars). Hence, slightly more than half of the visibility
swath shown in figure 160 will be seen in a month. The following month, the observable swath strip will
be shifted eastward by about 30°. This eastward shift, in the view swath, is caused by the motion of the
Earth-Moon system in its orbit about the Sun. About 51/2 months after the initial 2 week operational
period, a complete band around the celestial sphere will have been viewed by the LUTE. The use of an
RTG as now baselined, however, would allow viewing operations to continue into the lunar night.

MOON’S
SPIN
AXIS

A
== 13.18 deg/day

LUTE
POINTING
DECLINATION

MOON
Figure 160. Sky area surveyed by LUTE depends on viewing declination and telescope FOV.
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Figure 161. Geometry of the Earth/Moon system.
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5.8.4 Sunlight Avoidance

The focal plane sensor to be employed in the LUTE consists of an array of CCD’s that must
operate at temperatures less than about 210 K. To minimize sources of thermal energy that could
damage the sensor and stray light that could mask the incoming UV data, it is necessary to provide an
appropriate shade to prevent sunlight from entering the LUTE aperture.

5.8.4.1 Site Lighting Geometry

As illustrated in figure 161, the Moon’s spin axis is tilted 1.5" from the pole of the ecliptic plane,
causing the Moon to experience *“seasons” as the Earth-Moon system orbits the Sun. For a LUTE site in
the Northern Hemisphere, lunar summer solstice is the “worst-case” scenario for Sun-shading because
light from the upper limb of the Sun reaches its highest lunar declination. As the Moon rotates the LUTE
site into view of the Sun, the Sun will rise in the east, reach a maximum elevation angle at local noon
with the Sun directly south of the telescope, and then set in the west.

5.8.4.2 Solar Light Shade

Based on the Moon’s rotational motion and the geometrical constraints discussed previously, the
solar light shade must be an enclosure around the telescope mirror structure with its upper portion cut at
an angle. Such a shade is illustrated in figure 163 as a truncated cylinder. The tall side of this shade must
be on the south side (for northern sites) of the telescope, and the angle between the plane of the shade
opening, and the local horizontal plane must be large enough so that the solar vector spends most of its
time on the south side of the plane. The required light shade angle is determined by the telescope’s view-
ing declination (equal to site latitude for a zenith-pointing telescope) as illustrated in figure 164. Assum-
ing lunar summer solstice as a worst case, the Sun will have a declination of about 1.5°. Adding 0.25" to
account for the angle subtended by the Sun’s radius yields the highest declination that the limb of the
Sun will have—1.75". For this case, a shade angle of 90°—dyjew+Max dsyn+syy Would allow sunlight to
enter the shade interior throughout the lunar day except at the instant of local noon; hence, additional
shade angle is necessary to provide a longer period of sunlight protection. As will be discussed in a later
section, the light shade angle must be approximately 10° larger than the above value in order to provide
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complete Earth-shine protection. Satisfying the Earth-shine avoidance requirement will result in an ade-
quate shade for sunlight protection since the Earth reaches higher lunar declinations than does the Sun.

5.8.4.3 Light Shade Size

As the lunar day progresses, the Sun will rise in the lunar sky (as seen from the LUTE site),
reaching its highest elevation angle at local noon. At the Equator, this elevation angle is greater than
88.5°, or almost directly over the LUTE viewing axis (for a zenith-pointing LUTE). It would be
impossible to keep sunlight out of the telescope aperture in this situation. Likewise, even at a latitude of
30°, the light shade angle required for effective shading would be about 70°. This would result in a light
shade that is about 23/4 m taller than the telescope metering structure (from the bottom of the diagonal
slice to the tip of the shade) assuming a 1 m telescope diameter. This shade, along with the LUTE
lander, cannot be accommodated by the volume constraints of a Delta II launch vehicle. An Atlas ITAS
launch vehicle, however, seems to have adequate space for such a configuration. Figure 165 shows the
recommended light shade angles to be used at different pointing declinations. These light shade angles
would ensure complete sunlight protection for most of the lunar daylight period.
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Figure 163. Path of the Sun relative to the LUTE light shade.
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5.8.4.4 Unavoidable Sunlight Intrusion Near Sunrise and Sunset

In lunar spring and summer, the Sun actually rises slightly north of due east and sets slightly
north of due west. For some period to time after sunrise, sunlight will illuminate a portion of the light
shade interior. The same will occur just before sunset. In figure 163, if a view is taken along the east-
west axis in the plane of the shade opening, the view illustrated in figure 166 is seen. This figure shows
that immediately after sunrise (and also before sunset), there is a period of time that sunlight will illumi-
nate the shade interior until the solar disk is fully on the south side of the plane of the shade opening.
This situation occurs only in lunar spring and summer when the selenocentric declination of the Sun is
positive. This effect cannot be avoided for a passive and immovable light shade unless effective light
baffling inside the shade can be provided. The duration of this Sun interference period (worst case) is
about 26.8 hours for a viewing declination of 30° and a light shade angle of 70°. This Sun interference
period can be significantly longer for lower shade angles. For example, a 60° shade angle would impose
an operation wait time after sunrise of approximately 205 hours (81/2 days). The time after sunrise that
the LUTE must wait for complete sunshading is a function of shade angle, viewing declination, and site
latitude. The path of the Sun in the lunar sky, relative to local horizontal, changes with site latitude. If
the LUTE site were on the Equator, the path of the Sun in figure 166 would be nearly vertical with
respect to the horizon.

5.8.5 Earthshine Avoidance -

The Earth is another source of radiation that can interfere with LUTE observations. Fortunately,
the shade designed for Sun-shading (as described previously) can also serve as a shade for reflected light
from the Earth. Recall that for Sun-shading, the tall side of the truncated cylinder shade must be oriented
toward the south so that shading is effective when the Sun is at its maximum elevation angle (which
occurs at local noon when the Sun is due south of the LUTE). To assess the effectiveness of this shade
for earthshine, it is necessary to determine the motion of the Earth in the lunar sky.

5.8.5.1 Earth Motion in the Lunar Sky
The same side of the Moon generally faces the Earth at all times because the Moon’s rotation
rate is precisely equal to its orbital period around the Earth. There is, however, an apparent “wobble” in

the Moon’s orientation as viewed from Earth. The effect of this apparent motion is to cause the Earth-
Moon line to deviate from the mean center of the Moon’s disk. This drift of the Earth-Moon line on the
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Figure 166. Lunar sunrise relative to the LUTE light shade.

lunar surface is never more than +8° in longitude, nor £7 in latitude (selenographic coordinates). This
variable orientation of the Moon relative to the Earth is caused by the optical librations. From a position
on the Moon looking at the Earth, these librations will cause the Earth to move in the lunar sky. The
optical libration in latitude is described in figure 167. This phenomenon occurs because the Moon’s spin
axis is not perpendicular to its orbit plane. At one position in the Moon’s orbit, the lunar north pole is
tilted toward the Earth, placing the Earth over the +6.7° latitude line. Approximately 2 weeks later, the
Moon has moved 180" in its orbit where the lunar north pole is tilted away from the Earth. At this posi-
tion, the Earth is over the —6.7° latitude as shown in figure 167.

LUNAR

EQUATOR \_/'
6.7°

SPIN AXle

Figure 167. Optical libration in latitude.

The optical libration in longitude occurs because the Moon is moving around the Earth at a
variable angular rate, but the Moon is spinning on its axis at a constant rate. This is illustrated in figure
168, which shows a view of the Earth-Moon system from above the ecliptic plane. In 1 month, the
central meridian of the Moon moves west, then east of the Earth-Moon line due to the mismatch between
the Moon’s constant spin rate and its variable orbital rate.
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Figure 168. Optical libration in longitude.

Figure 169 shows an azimuth-elevation track of the path of the Earth as viewed from a lunar site
at 40" north latitude and 4.4° west longitude. The circles represent the Earth at intervals of 1 day. Trajec-
tories are shown for two sample months: January 1997 and January 2000.
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Figure 169. Earth motion as viewed from a lunar site.

The Earth’s movement in the lunar sky, as observed from a lunar site, is always confined to a
relatively small region. This region can be approximated by an 11.6” cone (half angle) emanating from
the site. (The actual shape of the region in which the Earth can move is closer to a rectangle than a cone.
The 11.6° cone approximation encompasses the corners of the actual rectangular region.) For any site on
the Moon where the Earth is visible, this cone is fixed, and its pointing direction depends on the lunar
site. For the sample site used in figure 169, the Earth confinement cone is centered at about a 174°
bearing and a 50° elevation angle (slightly east of due south). For locations near the Moon’s limb, the
Earth will disappear beneath the horizon, causing interruptions in communications with Earth.
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Figure 170. Earth confinement region relative to the LUTE light shade.
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5.8.5.2 Light Shade Requirements for Earthshine Avoidance

Ensuring that reflected Earth light never enters the telescope aperture requires that the entire
Earth confinement cone (referred to in the previous section) is on the south side of the plane of the
LUTE light shade opening. Figure 170 illustrates this geometry. For a given LUTE location, the portion
of the sky (the cone) that contains the Earth has a fixed direction from the site. Orienting the plane of the
shade opening until it is just tangent to the cone will define the minimum shade angle that will ensure no
Earth light intrusion into the telescope. This criterion was used to determine the light shade angles for

any northern site on the Moon’s near side. These data are shown in figure 171.
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Figure 171. Light shade angles.



The illumination from the geocorona was not considered in computing these shade angles—only
the reflected light from the physical disk of the Earth (full Earth assumed). In figure 171, the shade angle
is the angle between the plane of the light shade opening and the plane perpendicular to the telescope’s
optical axis. The shade height is the distance from the tip of the light shade to the bottom of the “slice”
(measured along the optical axis). The data show that for a given viewing declination site longitudes
approaching the eastern or western limb of the Moon require taller light shades. The reason for this is
that the shade must have its tallest side oriented toward the south for optimum Sun-shading. (It is
assumed that the LUTE has no out-of-plane misalignment with the local meridian plane). With this
orientation and the LUTE near the eastern or western limb, the Earth (i.e., the Earth confinement region)
is no longer directly south of the light shade, but rather southeast (or southwest). The Earth can rise
above the plane of the light shade opening if the shade angle is not increased from its prime meridian
value.

5.8.5.3 Sunlight and Earthshine Constraints on LUTE Operations

A computer simulation, which models the motion and orientation of the Moon with respect to the
Sun and Earth, was used to compute the times that LUTE can operate. This simulation included the
effects of optical librations in latitude and longitude and in lunar orbit plane precession. The criteria for
LUTE operation from a light avoidance point of view are: (1) light rays from the Sun or Earth must not
enter the light shade opening, and (2) the Sun must be above the local horizon for a solar-powered

LUTE. Figure 172 shows the total operation time achieved during a 2 year mission starting on January 1,
1998. Results are shown for a range of light shade angles for both a solar-powered LUTE and an RTG-
powered LUTE located at 66.5° north latitude and 24.2° west longitude. The viewing declination is 30°.
The LUTE, in this case, must be tilted from the zenith direction toward the south by an angle equal to
site latitude minus viewing declination to enable the telescope to point at 30° declination. The results
shown in figure 166 indicate that, for this sample case, a light shade angle of 70° is needed to completely
avoid all earthshine in the telescope aperture. A light shade angle less than about 53° provides no
carthshine protection at all. Since the RTG powered version can operate during lunar night, approxi-
mately twice as much “on” time is achieved compared to the solar powered version. For large shade
angles (>70°), the RTG version is completely shaded against sunlight and earthshine intrusion at all
times except for the period between sunrise and the instant the solar vector is on the south side of the
shade opening plane. (Refer again to figure 166. This effect only occurs during lunar summer.)

VIEWING _ SITE LATITUDE: 66.5°N
DECL : 30° SITE LONGITUDE : 24.2°W

TOTAL OPERATION TIME - HOURS

LIGHT SHADE ANGLE - DEG

Figure 172. LUTE operation times during a 2 year mission with no sunlight or
earthshine interference.
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5.8.5.4 LUTE Operation Time Variation With Viewing Declination

Figure 173 shows the percent time in operation during a 2 year mission for viewing declinations
of 30° and 40°. In both case, the LUTE site location is 66.5° north latitude and 24.2° west longitude. This
figure shows that about 10° more light shade angle is necessary (0 achieve the same operation time at 30°
as was available at 40° viewing declination. Using a 60° light shade angle and viewing at 40" declination
allows a solar-powered LUTE to accumulate nearly three times more operation time than viewing at 30°
declination with the same light shade. A 70° shade would be more appropriate for the 30" viewing
declination. In general, the best light shade angle is approximately 100° minus the viewing declination.
This will ensure sunlight protection during most of the lunar day while also ensuring no intrusion of
reflected earthlight.

SITE LAT : 66.5°N.
LONG :24.2°W.

ASSUMED MISSION : JAN 1,1998 TO JAN1,2000 (2Y1)

TELESCOPE OPERATION TIME
(% OF TWO YEAR MISSION)
3

|1

LIGHT SHADE ANGLE (DEG)
Figure 173. Solar-powered LUTE operation time for two different viewing declinations.

5.8.6 Continuous Opportunity for Earth Communications

In section 5.8.5.1, “Earth Motion in the Lunar Sky,” a description is given of the optical
librations in latitude and longitude. These phenomena explain why the Earth-Moon line drifts across the
surface of the Moon with excursions in latitude of almost £7° and excursions in longitude of almost 8°.
A consequence of these effects is that the Earth’s elevation angle, as viewed from a lunar site, varies
between a minimum value and a maximum value over the course of a month; that is, the Earth rises and
sets. For a continuous opportunity of line-of-site communications between the LUTE and Earth, it is
necessary that the Earth never set below the lunar horizon. This condition is satisfied if the LUTE is
within about 80° (measured along a great circle) of the mean central point of the Moon (0° latitude, 0°
longitude). Figure 174 shows the limits placed on site selection for line-of-site Earth visibility.

Placing LUTE at any site within the closed contour ensures that the entire Moon-side hemisphere
of the Earth is always visible. If the telescope is placed at a high latitude, the available longitudes are
limited. For example, at 70° latitude, LUTE must be within +60° longitude to achieve full-time Earth
line-of-site. The LUTE site indicated in figure 174 is a potential site which is in a relatively smooth area
in a generally mountainous part of the Moon. (A later section will explain the desirability of a high
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latitude.) Placing the telescope on the far side of the Moon would certainly have its benefits, such as the
elimination of the earthshine shading problem. A far-side site, however, would necessitate either relay
satellites in lunar orbit (a “halo” orbit about a stable Earth-Moon libration point may be one possibility)
or lunar surface relay antennas remote from the LUTE site. A site selected on the near side of the Moon
represents the most cost-effective solution for continuous Earth communications.

]
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Figure 174. Earth visibility from the Moon.

5.8.7 Communications Antenna Pointing

Figure 175 describes how the high-gain communications antenna must be oriented to point
toward the Earth. The mean direction of the Earth from any LUTE site is parallel to the lunar equatorial
plane, as indicated in the figure. The elevation angle and azimuth direction are easily computed by trans-
forming a 0° latitude/0” longitude vector (in the selenographic coordinate system) to the LUTE site ref-
erence frame. The dot product between this vector and the local zenith will yield the elevation angle.

The dot product between the horizontal projection of this vector and the north horizontal vector yields
the mean antenna pointing azimuth. The Earth’s position deviates from this azimuth/elevation pomt by
no more than approximately 10.6° in any direction. The antenna system must have sufficient pointing
capabrhty to follow the Earth as it moves through this region if the beam width of the transmitted signal

is not sufflclent to cover the entire 11.6° region (10.6° plus 1° Earth radius).

5.8.8 Galactlc Pole Vrewmg

The LUTE is de31gned to view and record very faint UV emissions from very distant objects.
Viewing in the galactic plane will provide some valid science data, but attempting to view distant
objects through the bright UV background of our own galaxy, could completely mask the desired UV
detections. Therefore, it is desirable to provide viewing opportunities as close as possible to the galactic
north pole. Some galactic plane viewing is unavoidable, however, because the rotation of the Moon will
swing the LUTE optical axis through the plane two times each month. For LUTE viewing declinations
greater than 60°, the Moon's rotation will cause the opt1cal axis to approach the galactic plane to within -
approximately 60 minus the declination, but the viewing axis will remain on the north side of the
galactic plane. The galactic pole is located at a celestial latitude of about 29.8°. This is illustrated in
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Figure 175. Antenna pointing direction for Earth communications.

figure 176. Also shown in this figure is the Moon with its full range of orientations with respect to the
ecliptic plane. The Moon’s equatorial plane is tilted at a constant angle from the ecliptic plane of approx-
imately 1.5°. Furthermore, the Moon’s spin axis cones about the ecliptic pole making a complete circuit
in 18.6 years. If the LUTE is oriented to point at a lunar declination of 29.8°, it will point within 1.5°

(the exact value depends on the lunar season) of the galactic pole once each month. This will remain true
regardless of the position of the lunar pole in its coning cycle. Figure 176 depicts a zenith-pointing
LUTE located at the optimum latitude for galactic pole viewing (29.8"). For a solar-powered LUTE,
which can operate only during the lunar day, the galactic pole will be on the sunlit side of the Moon only
during about half of the year. This is due to the orbital motion of the Earth-Moon system around the Sun.
When the galactic pole is viewable during lunar day and the LUTE is oriented to view the 29.8° declina-
tion, the LUTE viewing axis is within 10" of the galactic pole for only a 42 hour period every lunar
month. Therefore, the total yearly viewing time within 10° of the galactic pole is only about 105 days.

ECLIPTIC
POLE
GALACTIC
SPIN \J NORTH
AXIS POLE
= TELESCOPE
K 1.5°
29.8°
15° 7V
J & ' ECLIPTIC
— PLANE
N\
EQUATOR
MOON

Figure 176. Site location required for galactic pole viewing.
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5.8.9 Avoiding Lyman-o Emissions in the Geocorona

Detection and measurement of the hydrogen Lyman-a emissions from the stellar targets is one of
the objectives of the LUTE telescope. These emissions can be masked by the Lyman-o emissions that
are present in the Earth’s geocorona. It would be desirable to avoid this interference as much as possible
by viewing in a direction that would minimize the Lyman-¢ illumination seen by the LUTE. Figure 177
depicts a view of the Earth-Moon system with the geocorona from above the ecliptic plane. Data from
the NRL’s far-UV camera/spectrograph, which was operated on the lunar surface during the Apollo 16
mission, showed that the hydrogen Lyman-¢ geocorona has a “tail” in the anti-Sun direction. The Moon
will travel through this tail each month, and the LUTE will unavoidably encounter some increased
Lyman-a background. However, the proper choice of site longitude and/or viewing declination would
point the viewing axis perpendicular to the direction of the Earth. Referring to figure 174 again, a zenith-
pointing LUTE could be located at any latitude and longitude along with closed contour and still satisfy
the continuous communication requirement while achieving the best Lyman-o reduction geometry.
Locating on the far side of the Moon could be a solution to this problem but, as previously discussed,
this would complicate the continuous Earth communications requirement. Besides, it is not clear
whether a far-side location with LUTE pointing antiearthward would encounter lower Lyman-a inter-
ference than viewing perpendicular to the Earth direction.

NOTE: VIEWING PERPENDICULAR TO THE
EARTH DIRECTION HELPS AVOID THE

LYMAN - ot ILLUMINATION FROM THE NO OPERATION DURING

QEOCORONA LUNAR NIGHT FOR SOLAR
POWERED LUTE

END OPERATION

S > DIRECTION (LUNAR NIGHT BEGINS )

GEOCORONA

— > BEGIN
OPERATION

LUTE VIEWING DIRECTION
FOR EAST LONGITUDE SITE

Figure 177. Avoidance of hydrogen Lyman-¢ in the geocorona.

5.8.10 Lunar Surface Thermal Radiation

The upper interior portion of the LUTE light shade receives thermal radiation emitted from the
lunar surface on the north side of the telescope. Preliminary studies have shown that the resulting heat
input to the mirror and detector is difficult to reject. At locations near the equatorial regions, the thermal
load is especially high because of the high Sun-incidence angles encountered during the lunar day. One
possible solution for reducing this thermal load on the light shade is to locate the telescope at a more
northerly latitude and tilt the telescope southward to point at the desired lunar declination (e.g., 29.8° to
provide galactic pole viewing). This geometry is illustrated in figure 178.
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Figure 178. Avoidance of surface thermal radiation.

The example shown in this figure is for a LUTE site at 66.5° north latitude with the telescope
tilted southward by 36.5°. This points the viewing axis at 30° declination. Tilting the telescope south-
ward causes the view that the upper light shade interior has of the lunar surface to be at a greater hori-
zontal distance from the telescope. This reduces the intensity of the radiation seen by the shade interior
and thus the heat load. Thermal analyses have verified that for a viewing declination of 30°, a light shade
angle of 70°, and the telescope site at 66.5° latitude, the resulting 36.5° southward tilt substantially
reduces the thermal load on the primary mirror and telescope detector to acceptable limits. To implement
this scenario, however, adds the complexities of a mechanism to perform the tilting operation after
landing the telescope.

5.8.11 The Lunar Terrain

A tilting telescope can be used to reduce the lunar surface radiative thermal loads as described in
the previous section. A dominant factor in determining the tilt requirements to be used in designing the
tilt mechanism is the slope of the lunar surface at the landing site. To help ensure that steep terrain
slopes are avoided, a landing site in one of the smooth maria is recommended. However, there are no
maria at the high latitudes that are needed for a southward tilting LUTE. Lunar orbit photographs were
examined in an attempt to locate areas that are relatively free of large craters or other prominences. A
somewhat smooth area was found at 66.5° north latitude and 24.2° west longitude. From this site, the
LUTE can be tilted 36.5° southward to view the 30" declination region. The resolution of the lunar
orbiter photographs is not fine enough to ascertain the specific texture of the lunar surface. The highest
resolution photographs that are available resolve objects (boulders and craters) only to about 2 m. These
photographs reveal that essentially every square meter of the lunar surface is pock-marked with craters.
Tt will be difficult to acquire knowledge of the terrain roughness at the LUTE touchdown point without
higher resolution surveys of the proposed telescope site.
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5.8.12 Micrometeroid Avoidance

Locating the LUTE near the eastern limb of the Moon may result in a lower flux of micro-
meteroid hits. This location is sometimes referred to as the “trailing” limb because it is on the side of the
Moon opposite the Moon’s Earth-orbital velocity vector. However, the Earth-Moon system is moving
through interplanetary space at a velocity of about 30 km per second. This means that, with respect toa
Sun-fixed frame of reference, the Moon’s velocity varies from 29 km per second near the “new” Moon
position to 31 km per second near the “full” Moon position. Relative to mterplanetary space (a Sun-fixed
frame), the eastern limb is “trailing” only in the “full” Moon position; it is “leading” in the “new” Moon
position. There may be a slight benefit achieved by placing LUTE at an eastern Iongltude near the
Moon’s limb. This site is on the trailing side of the Moon when the Moon’s velocity is greatest—31 km
per second. Therefore, it will avoid collisions with micrometeroids whose velocities (component in the
direction of the Moon’s velocity) are less than 31 km per second. Compare this site to one on the
western limb of the Moon where the site is on the trailing side of the Moon when the Moon’s velocity is
at a minimum (29 km per second). This situation provides protection against micrometerites whose
velocities are less than 29 km second.

5.8.13 The Focal Plane Array

Based on current technology, the sensor at the telescope’s focal plane will probably be a design
that is currently in use in Earth-based telescopes. These devices consist of a plate covered by a mosaic of
frame transfer CCD’s. In the LUTE, the sensor will be aligned so that the columns of pixels in the
CCD’s are in an east-west direction. As the optical images of stars travel across the sensor, they traverse
down the columns of pixels on the CCD’s. The CCD detectors are clocked at the apparent sidereal rate
of the Moon’s rotation as the electrical images are integrated along each column of pixels, At the end of
each column of pixels on a CCD, the mtegrated result 1_&21(1 out a and recorded. As the Moon rotates on
its axis, an image of a star will traverse across the focal plane sensor in a shghtly curved path. The
curvature of the path is a function of both the selenocentric declination of the star and the pointing
declination of the telescope’s optical axis. After establishing the desired pointing declination of the
telescope, the focal plane array must be constructed such that the columns of pixels on each CCD are
tangent to the curved star image tracks. If the LUTE is slightly misaligned, the image track curvature
will be different from what the focal array was designed for, and the image will smear across the pixel
columns at a small angle. Assuming a maximum allowed smear of 0.1 pixel-per-pixel column and a
3,000 pixel length for a CCD, it has been computed that the angle between the star image track and the
pixel columns cannot exceed 6.87 arcseconds. This translates into about a 5 arcminutes declination
pointing accuracy at 40° declination. Furthermore, the east-west alignment of the focal plane sensor must
be within 6.87 arcsecond accuracy. These stringent alignment requirements would vanish by designing a

sensor that does not depend on a custom fabrication to closely match an expected star track curvature.
5.8.14 Summary of LUTE Site Selection

The preceding analyses indicate that it is difficult to find a telescope site on the Moon which
mutually satisfied all of the ground rules listed in table 50. For example, for a simple zenith-pointing
LUTE: N ' - '

M Max1m121ng sky coverage from an equatorlal site encounters the highest lunar surface tem-
peratures, misses galactic pole viewing by 29.8°, and is impossible to shade against sunlight or earth-
shine.
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(2) Providing galactic pole viewing by locating at 29.8" latitude (on the central meridian)
requires a tall light shade that may be difficult to accommodate within the weight and volume limits of
the launch vehicle.

(3) Locating farther north than 29.8° to permit a practical light shade and a cooler lunar surface
compromises galactic pole viewing and further reduces sky coverage.

(4) Total earthshine protection requires increased light shade height (angles) for sites east or
west of the prime meridian.

(5) Locating on the limb of the Moon (or far side) to view 90° to the Earth’s direction for Lyman-
a interference reduction provides less than 100 percent Earth communication opportunity.

(6) Relaxing the light shade height requirements for full sunshine and earthshine shading will
reduce the total telescope operation time.

For a zenith-pointing LUTE, it was finally decided to relax the galactic pole viewing ground rule
and locate the LUTE at 40° north latitude. The light shade needed to provide sufficient light protection
(neglecting possible baffling benefits) is about 60°. Since moving east or west of the prime meridian
would require a taller light shade, and since the smooth Mare Imbrium is in this region, a longitude near
the central meridian was selected. The exact placement in longitude was selected to be 4.4° west after
inspection of lunar orbiter photographs revealed that this site fell between major local craters and moun-
tains. For a LUTE designed to tilt southward to lessen the effects of lunar surface thermal radiation, a
site at 66.5° north latitude and 24.2° west longitude was selected. The amount of tilt (from zenith)
required to point the LUTE at 40° declination (assuming a horizontal landing site) is 26.5°. Viewing at
30° declination to achieve galactic pole viewing would require a tilt of 36.5°. As more specific science
requirements become known, the site selection process will be revisited to determine if other locations
on the Moon would betier satisfy them.

5.8.15 Cosmic Rays

Lunar-based astronomical instruments will be exposed to a solar and galactic cosmic-ray
environment, more severe than that present on the Earth or in LEO. The Moon is located outside the
Earth’s protective atmospheric envelope, which acts as a thick shield for highly-energetic cosmic-ray
particles from space. The Moon lacks the benefit of the Earth’s protective geomagnetic and atmospheric
envelopes, which serve to deflect energetic cosmic rays. Cosmic rays can produce noise in the detector
CCD’s and could impact the lifetime of these CCD’s.

5.8.16 Lunar Dust

Dust contamination on the telescope optics from any source is another concern in placing the
LUTE on the lunar surface. The Apollo missions have shown that any activity can easily disturb lunar
dust and launch even the smallest grains in ballistic paths that stretch far across the lunar surface. The
lofted dust may be transferred onto the telescope, obscuring the sensitive optics, scattering light resulting
in distorted observations, degrading the performance of thermal control coatings, and potentially
interfering with mechanical devices forming a part of the telescope.
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5.8.17 Lunar Thermal Environment

The lunar thermal environment is characterized by large temperature swings and long soak times
at the temperature extremes. This environment presents a challenge for any equipment which must
operate on the lunar surface, but is especially challenging for telescopes which must maintain precise
spatial relationships between optical components. The lunar surface temperature varies from approxi-
mately 90 K at sunrise to as hot as 390 K at local noon. The surface temperature rises rapidly after sun-
rise, remaining above 300 K for a period of about 240 hours. The surface temperature also falls rapidly
at sunset and is near 100 K for about 290 hours. Without adequate thermal control, these large
temperature changes and long soak periods can cause misalignment of optical components, damage to
electronic components, and failure of mechanical devices.

5.8.18 LUTE Lunar Environment Instruments

A large data base on lunar environmental conditions has been assembled through remote meas-
urements and by instruments carried on unmanned lunar landers and the Apollo missions; however,
there are many areas in which the data are either insufficient or lacking. The design of future lunar tele-
scopes, rovers, and lunar bases would, therefore, benefit substantially from further data on the lunar
environment. In addition, analysis of the science and engineering data returned from the LUTE telescope
could be aided by a detailed knowledge of the environmental conditions to which the telescope and its
subsystems are subjected. Design of the LUTE mission should, therefore, consider incorporating a lunar
environmental monitoring package which would ride along on the LUTE lander platform, be deployed
on the lunar surface, and operate in conjunction with the LUTE power and telemetry system. Resear-
chers at New Mexico State University have suggesled such an environmental momtormg system. A
group of four instruments to monitor the lunar environment has been outlined and is currently under
study at New Mexico State University. The instruments are:

(1) Micrometeorite Detector—Detect and determine the velocity vector and mass of micro-
meteorites up to 100 mm in diameter.

(2) Dust Detector/Deflector—Incorporate a charged dust deflector into the design of the LUTE
telescope and characterize the local, time-varying dust conditions. Determine particle sizes of dust and
local natural electric field variations.

(3) Lunar Atmosphere Detector—Determine the composition and time variation of ionized
atmosphere components using an ion mass spectrometer.

(4) Cosmic Ray Detector—Determine the rate and energy distribution of cosmic rays using a
stacked-detector instrument.

These instruments would be mounted on a common pallet with the LUTE telescope and share
power and communications with it. The micrometeorite and cosmic-ray detectors should be mounted
high enough to see a full 2 & steradians view of the sky without blockage by the telescope. The instru-
ments are expected to operate over the full 2 year lifetime of the LUTE telescope. Preliminary estimates
of instrument parameters are approximately 30 kg, with a volume of 0.05 m3 and a power requirement of
about 20 W.
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5.9 Software

A management plan outline, development schedule, and content outline for LUTE software have
been included in this section. In addition, a brief description is provided for the seven different types of
software required for the LUTE project. This effort is consistent with the NWODB in a phase A activity
and provides a strong basis for the development of a more detailed software program at the start of
phase B.

All the required software for LUTE and its related interfaces will be designed, developed, and
tested according to the latest version of MSFC “Software Management and Development Requirements
Manual,” MMI 8075.1.

5.9.1 Software Management Plan Document Outline

INTRODUCTION
Purpose
Scope
Description

RELATED DOCUMENTS

PURPOSE AND DESCRIPTION OF LUTE SOFTWARE
Flight Systems
Science Data
Electrical Ground Support Equipment
Lunar Lander
Launch Vehicle

CONFIGURATION MANAGEMENT
Level III Change Control Board
Level IV Change Control Board
Software Review Board

ORGANIZATIONAL RESPONSIBILITIES
Program Manager
Program Engineer
Program Science Adviser
Astrionics Laboratory
Software Quality Assurance Office
Systems Analysis and Integration Laboratory
Mission Operations Laboratory

UNITS OF MANAGEMENT
Work Breakdown Structure
Software Configuration End Item
Related Software Documentation
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SOFTWARE MAINTENANCE
Software Development Folders
All Systems Software
User Training

SOFTWARE REVIEW MANAGEMENT
Project Requirements Review
Software Requirements Review
Preliminary Design Review
Critical Design Review
Test Readiness Review
Configuration Inspection
Acceptance Review

LUTE SOFTWARE DOCUMENTATION

5.9.2 LUTE Software Development Life Cycle

LUTE development at MSFC will utilize NWODB and the development life cycle, projected in

figure 179, reflects this approach.
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5.9.3 LUTE Software Content Qutline

Software for the LUTE is divided into seven systems: flight software, science software, EGSE
software, software development and verification, simulation, operations, and sensor data base.

5.9.3.1 LUTE Flight Software

The LUTE flight software consists of the following components: executive controller, command
and data management, dynamics and pointing control, optics calibration and processing, electrical power
management, thermal control, launch vehicle interface, and lander vehicle interface.
5.9.3.2 Science Data Software

It is projected that the science software will be a separate system and will consist of the
following: ephemeris data, data acquisition and processing, command requests and telemetry, data
display, and science data base.
5.9.3.3 EGSE Software

Phase A final results indicate this software will include the following systems: executive
software, data acquisition and processing, data display, spacecraft integration, command and telemetry,
launch vehicle interface, and lander vehicle interface.
5.9.3.4 Development and Verification Software

This software is projected to include the following components: support of flight software
development, software configuration management, software archives, documentation development, test
procedure development, test procedure interpreter, and test procedure execution.

5.9.3.5 Simulation Software

The software defined for simulation will contain the following: system modeling, commands and
telemetry, launch and lander interfaces, and training.

5.9.3.6 Operations Software

Operations software will contain the following systems: data acquisition and processing, timeline
management, command and data management, data display, and data archive and playback.

5.9.3.7 Sensor Data Base Software
The sensor data base software will be designed as a separate system and contain the following:

data acquisition, data processing and display, measurement identification, data base generation, and data
base configuration and control.
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5.10 Lander
5.10.1 Common Subsystem Study

After the total mass of LUTE increased to the point of exceeding the performance capability of
Artemis, a mass reduction study was initiated. Since both Artemis and LUTE have individual power and
C&DH subsystems, an investigation was made to determine if significant mass reductions could be
realized by using common subsystems. The results of the study showed that a potential mass reduction
of 30 kg (5 kg from power and 25 kg from C&DH) may be available. Future LUTE and lander studies
will take advantage of the mass savings (although small) resulting from combining subsystems.

5.10.2 LUTE Level II Requirements Imposed on Lander

The constraints under which LUTE must operate directly affects the design of the lander. Figure
180 lists the level II requirements imposed on the lander by LUTE.

O LANDING LOADS NOT TO EXCEED LAUNCH VEHICLE ASCENT LOADS
AT LUTE/LANDER INTERFACE

O LAND WITHIN 3 KM OF SPECIFIED LANDING SITE

O DELIVER A 450 KG LUTE TO THE LANDING SITE

O LANDED VEHICLE TILT WILL NOT EXCEED 15 DEGREES

O PROVIDE STRUCTURAL SUPPORT FOR LUTE AND ITS SUBSYSTEMS
O PROVIDE FOR COMMONALITY OF LUTE/LANDER SUBSYSTEMS

O LANDER SUBSYSTEMS SHALL NOT INTERFERE WITH LUTE PERFORMANCE

Figure 180. LUTE level I requirements imposed on lander.
5.10.3 Parametric Sizing Study for Lander

Early in the LUTE preliminary design process, the Artemis lander was baselined as the delivery
vehicle for placing LUTE on the lunar surface. As LUTE became better defined, its mass increased
beyond the performance capability of Artemis. At this point, a parametric study was begun to scale up
the Artemis lander to accommodate LUTE masses which were varied from 338 kg to 1,200 kg. Launch
vehicles were also selected which would be required to inject the variable LUTE/lander masses into a
5 day transfer to the Moon. Total costs of the LUTE, lander, and launch vehicle were also developed. A
mass contingency of 32 percent was included in the burnout mass of the upscaled Artemis. The ground
rules and assumptions used in this assessment are shown in figure 181.
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* Potential launch vehicles—Delta, Atlas, Titan series, proton
« Use LUTE masses of 338 kg (1 m aperture), 700 kg (1.5 m), and 1,200 kg (2 m)
« Use Artemis as basic lander design

o Use historical lunar logistics system (LLS) storable propellant landers as additional
data point

+ Compute stage mass fractions from Artemis and LLS data
+ All systems/subsystems scaled by mass fraction

« A 10 percent mass contingency is added in addition to the Artemis 20 percent
contingency giving a total contingency of 32 percent

« Launch vehicle performs all burns through TLI to C3 = -1.9 km?/s2

* 120 hour, 5 day transfer time

* No hardware jettisoned from TLI through landing

e Use Artemis Delta V budget of 2,781 m/second from TLI through landing
» Storage propellant with I, = 310 seconds

Figure 181. Ground rules and assumptions.

Figure 182 shows the mass relationship between LUTE, lander, and launch vehicle capability.
For a 1 m aperture LUTE, the lander mass including residuals is approximately 671 kg (including the
RTG) and requires a propellant mass of approximately 1,510 kg. The total mass at translunar injection
(TLI) amounts to approximately 2,561 kg and requires the Atlas IT AS launch vehicle. A payload growth
margin of approximately 239 kg is available for this configuration.
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Figure 182. LUTE/lander/launch vehicle relationships.
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A gross estimate of the LUTE, lander, launch vehicle, and cost relationships is shown in figure
183. The total cost for placing a 338 kg,1 m LUTE on the lunar surface is $521 million. A more detailed
cost estimate for the LUTE reference design concept is provided in section 8.0.

Aperture Slze
iM 15M 2M
Mass (kg) Cost (M$) Mass (kg) Cost (M$) Mass (kg) Cost (M$)

* L UTE 338 126 700 155 1200 185
e | ander 2181 266 3150 332 4700 402
® Total LUTE/Lander 2519 392 3850 487 5900 587

at TLI
¢ Launch Vehicle Atlas 1IAS 129 Titan 11l 236 Titan 1V/ 352

Req'd TOS Centaur
® Total 521 723 939

Figure 183. LUTE/lander/launch vehicle mass/cost summary.

Figure 184 shows the mass and cost relationships for varying LUTE masses. The total mass
including the LUTE and lander at TLI and the total costing including the LUTE, lander, and launch
vehicle are displayed as a function of LUTE mass. The step functions of the “total cost” plot result from
the total mass of the LUTE and lander increasing to the point that a larger launch vehicle is required.
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Figure 184. Performance and cost.
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6.0 SAFETY AND MISSION ASSURANCE

6.1 Safety

A preliminary system safety plan was prepared during the phase A final study which established
the system safety objectives. The system safety responsibilities and hazard analysis methods are
discussed in this plan, which is enclosed in appendix N. A preliminary hazard analysis was prepared
which identified potential safety hazards and potential techniques for eliminating or controlling these
hazards.

The preliminary hazard analysis, which is enclosed in appendix O, addresses the LUTE as an
independent experiment from the lunar lander or the launch vehicle. The LUTE will be launched into
space by an expendable launch vehicle, and no manned contact is planned following the launch. There-
fore, the only system safety concern will be ground processing and on the range during launch. If the
LUTE is launched from the Eastern Space and Missile Center (ESMC) and processed at Kennedy Space
Center (KSC), it will be required to comply with safety requirements specified by ESMC 127-1,
“Eastern Space and Missile Center Range Safety Requirements,” and KHB 1710.2, “KSC Safety Prac-
tices Handbook.”

At this point of design maturity, LUTE has potential range safety hazards associated with power,
thermal control, structures and materials, pressurization, command and data management, and pointing
and alignment systems. During phase A, two options for the electrical power system were studied. One
option for a power source was a solar array system and the other was an RTG-powered system. The
RTG option was selected for the phase A design concept. However, the hazard analysis for the solar
array system was included in the preliminary hazard analysis. An RTG is classified as a major ionizing
radiation source. A user of a major ionizing radiation source is required to follow the space nuclear
safety review process and obtain approval for use by the Executive Office of the President through the
Office of Science and Technology Policy. This review and approval process is also required if the LUTE
uses a Russian-built RTG, lander, and/or is launched by a Russian launch vehicle. During the ground
processing of a spacecraft with an RTG at ESMC or KSC, radiation protection controls that are
identified by ESMC-160-1, “Radiation Control Program,” and KHB 1860.1, “Radiological Controls for
Major Sources and Nuclear Assemblies,” will be implemented. Also, redundant methods of cooling the
RTG during ground processing will be required. During all mission phases, the potential of failures of
the launch vehicle, transfer stage, lunar lander or the LUTE, which may result in a hazardous
radiological release, must be assessed for acceptable risk.

In the thermal control system, RHU's, heat pipes, and electrical heaters were evaluated for their
hazard potential. If the RHU’s are used, radiation protection controls will be implemented during ground
processing. If heat pipes are used, controls will be provided to prevent rupture, which produces shrapnel,
and the subsequent release of potential flammable substances. As with all heater systems, personnel
touch temperature hazards will be considered in the design.

The mechanical ground support equipment (GSE) and the flight structure will be designed in
accordance with MSFC structural design practices to ensure that personnel injury and damage to flight
hardware and ground processing facilities are avoided. All GSE and flight pressurized systems will be
designed to MSFC standards.

The materials used on LUTE will be selected using MSFC materials’ standards. All solvents and

plastic films used during ground processing will be approved by the ESMC and KSC launch site safety
offices. These are generic-type hazards associated with all structures and materials.
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The LUTE C&DH has the capability to cause a potential range safety hazard during ground
testing and processing. This potential hazard is a personnel exposure to high levels of nonionizing
radiation from the LUTE radio frequency system transmitter, which may be caused by inadvertent
commands or inadequate personnel shielding. The proper number of inhibits for transmitter operation
and precautions for personnel protection will be provided to control this hazard. The pointing and
alignment system will have the capability to roll and tilt the LUTE.

If the pointing and alignment system were to inadvertently roll or tilt the LUTE after it is encap-
sulated in the missile fairing, a potential exists to damage the launch pad facility and the launch vehicle.
Also, during ground processing and transportation, an inadvertent roll or tilt may injure ground person-
nel or damage site facilities. The roll and tilt mechanisms will be structurally designed to the required
MSFC standards and the required mechanism power supply inhibits will be provided which will control
this hazard.

Overall, given the present LUTE design concept, all the safety design concerns for the LUTE
have been previously addressed in the design of spacecraft that have previously flown.

6.2 Reliability

The MSFC Reliability Office will be actively involved in the design and buildup of the LUTE. A
reliability program plan was prepared during phase A (see appendix P). The plan will serve as the im-
plementing directive for management of reliability program activities for LUTE. The activities described
in the plan are structured to reflect the unique nature of the LUTE program. The reliability plan will be
updated, as appropriate, for the different phases of the program. How stringent the reliability require-
ments are will depend on the payload classification. It is recommended that LUTE be a class B payload
per NMI 8010.1A.

6.3 Quality Assurance

The MSFC Quality Assurance Office will become more involved with the LUTE project as it
moves into phase B. This involvement will continue through the buildup and test/checkout of the pay-
load. A formal quality assurance program, including closed-loop problem reporting and analysis, will be
developed and implemented. A formal qualification and acceptance test program will also be required. A
quality program plan will be prepared during phase B and will be updated as required.
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7.0 SCHEDULE AND COST

7.1 Euture Planning

A phase A management assessment of LUTE at the end of 1993 will yield the go-ahead (or no-
go) for a full in-house phase B. The project will then follow timescale of approximately 2 years for a
phase B (definition phase) and approximately 3 years for phases C (design and development phase) and
D (fabrication, integration, and test). The schedule depicted in figure 185 shows a generic timescale
from the start of phase B through the end of the project. The uncertainty of the start of phase B and the
funding availability dictate a generic timescale. The lander milestones will be added when a definitive
agreement is reached for the lunar lander.

7.2 Funding Requirements

The current estimated funding requirements for LUTE are defined by programmatic considera-
tions such as the in-house development approach and the inclusion of NWODB, as well as technical
parameters such as weight and power. The following two sections, Predevelopment Funding and Devel-
opment Funding, illustrate the current LUTE baseline cost and civil service manpower estimates. Sec-
tion 7.2.3, Ground Rules and Assumptions, details the philosophies underlying the baseline cost
estimate. The alternative minimum configuration cost estimate is discussed in section 7.2.4. The
application of NWODB is explained in section 7.2.5.

7.2.1 Predevelopment Funding Requirements

The predevelopment funding for LUTE is of vital importance. One of the main goals of NWODB
is to define and understand the problems and requirements early. Therefore, the funding and manpower
demands for prephase C/D are necessary to ensure that the NWODB cost savings can be realized. The
LUTE predevelopment funding and civil service manpower estimates are given in figure 186. This
exhibit gives the full funding and manpower profile for LUTE, from the predevelopment phase through
2 years of operations and data analysis. The predevelopment funding and manpower estimates are shown
under FY94. The cost is 19.2 RY$M and manpower is 44.3 man-years.

Predevelopment estimates are the sum of two requirements: adequate prephase C/D resources
and early development/long lead procurement. The prephase C/D resources have been estimated as
10 percent of the development phase cost and manpower (FY95 through FY98). To ensure adequate
resources for the predevelopment phase, and to allow for early development and the procurement of long
lead items, 5 percent of the phase C/D estimated cost and manpower was shifted into FY94. The sum of
these two percentages yield the FY94 numbers shown in figure 186.

7.2.2 Development Funding Requirements

The funding and civil service manpower needs for the development of the LUTE are shown in
figure 187. The development funding and manpower is inclusive of the years FY95 to FY98. The cost
and manpower shown for FY99 and FY0O are for 2 years of operations and data analysis. The total cost
for the development phase is 134.6 RY$M. Total civil service manpower for designing, developing, and
building the LUTE is 280.6 MY, with an additional 35.0 MY required to fulfill project office
requirements. Cost for operations and data analysis is estimated to be 14.5 RY$M plus 6.0 project office
man-years. A detailed cost and manpower matrix for LUTE is shown in figure 187. This matrix provides
detailed cost and manpower estimates by various subsystems and system level cost elements for the
baseline and minimum configurations.
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LUTE COST ESTIMATE

ONE METER
NEW WAYS OF DOING BUSINESS
IN-HOUSE
C. S. MANPOWER
DESIGN &  PROJECT

FY COST (RY$M) DEVELOPMENT OFFICE

93

94 19.2 44.3

95 239 527 44

96 54.8 115.6 10.2

97 45.0 91.1 10.2

98* 10.9 212 10.2

99 7.1 4.0

00 74 20
TOTAL 168.3 3249 41.0

* Launch Year

Note: The total cost for a Prime Contractor Business as
Usual Approach is 263.9 RY$SM.

Figure 186. LUTE cost estimate.

BASELINE MINIMUM CONFIGURATION
MPRPMS COST] MPRPMS CcosT
ELEMENT MYRYSM RYSMI MYRYSM RYSM MINIMIZING ASSUMPTIONS
PHASE B 443/10 1821 39.7/09 95 Reduced Davelopment in CCD & Optics Technalogy
DETECTOR 12.2 7.1 Used Available CCD Technology
OPTICAL SYSTEM (OPTICS & STRUCTURE)__ | | _______ o8 223 Adapted Optcal System 1 Maich Avlable CCD's _
POWER REGULATION & DISTRIBUTION 10.6/03 13 103/02 13
ICOMMUNICATIONS & DATA MANAGEMENT 83.7/15 78] 620/15 75
STRUCTURE____________________ o mzoe 28l msios a7 1
MECHANISMS 154/04 18] 15.0/04 1.8
POINTING/VIBRATION ISOLATION/FINE ADJUST 31.8/08 38| 31.0/07 3.8
THERMALCONTROLSYSTEM | _ 247108 ___ 41| 388008 A
TTITUDE DETERMINATION & CONTROL
PROPULSION SYSTEM
GROUND SYSTEM DEVELOPMENT _______ | _ 8108 ___ 33l 17005 24 RetwodSysomsCost ______________|
ELESCOPE/AANDER INTEGRATION 145/0. 1.7 94/02 1.1 Inlagration Simplfied Without RTG
PAYLOAD/LAUNCH VEHICLE INTEGRATION
asoEMBLYSTEST ] g7/15 _____78| $3/13_____ 88 Removalol RTG Assemby & Test Responshity __|
GROUND SUPPORT EQUIPMENT 116703 14} 103/02 1.3
PROJECT MANAGEMENT 135/03 1.6| 122703 1.5
RTG 45.9 Parl of Lander
MISSION OPERATIONS {2 YEARS) 6.0/0.2 14.6 Not Included
ITOTAL MANPOWER (MY/$) 365.8/88 322.2/17
[TOTAL HARDWARE 159.3 742
[TOTAL COST 168.1 81.9

NOTES:
- HARDWARE COST INCLUDES PROGRAM SUPPORT, CONTINGENCY, AND FEE
- CIViL SERVICE MANPOWER INCLUDES PROJECT OFFICE (INDIRECT) AND DESIGN AND DEVELOPMENT (DIRECT)

- UNCOSTED ITEMS ARE CONSIDERED TO BE LANDER UNIQUE
- MINIMUM CONFIGURATION ASSUMES DESCOPED TELESCOPE AND DETECTOR WITH MISSION OPERATIONS FUNDED SEPERATELY; ASSUMES
RUSSIAN COOPERATION FOR THE LAUNCH VEHICLE, LANDER, AND RTG

Figure 187. LUTE cost matrix.
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7.2.3 Ground Rules and Assumptions

The LUTE cost and manpower estimate includes all life cycle elements with only the cost of the
lander and the launch vehicle excluded. The major cost elements of the LUTE estimate are the telescope,
supporting subsystems, assembly and test, telescope/lander integration, and ground systems develop-
ment. The telescope consists of the optics, CCD detector, metering structure, light baffles, and the
primary mirror support structure. The supporting subsystems are the support and pointing structure, the
RTG based power subsystem, the communications and control subsystem, and the thermal control sub-
system, These subsystems are necessary to maintain and operate the telescope following lunar landing;
therefore, they have been included as part of the cost estimate. Assembly and test accounts for the inte-
gration of the telescope with the supporting subsystems and testing of the full package ensure reliability.
Tests include thermal vacuum, vibration, and mirror accuracy. The telescope/lander integration is to
support the integration of the complete LUTE package with the lander. It is assumed that the interface
between the telescope and lander is a simple structural and power interface. Ground system development
consists of the software, computers, networks, and facility modifications necessary to operate LUTE,
receive the data, analyze the data, and distribute the data to the scientists, universities, and schools. The
ground system is currently the least well-defined portion of the LUTE, therefore, the ground system
development cost estimate has the lowest confidence level.

All of the LUTE’s major cost elements are estimated using parametric approaches. The cost
models used are the MSFC instrument cost model, the MSFC NASA cost model (NASCOM), the GSFC
mission system integration and test (MSI&T) cost model, and the GSFC ground systems cost model.
Weight is used as the cost driver for all of the models, with the exception of the ground systems cost
model. A 10 percent contingency is included for all weights (for costing purposes only).

~ Cost for two of the elements, the detector and RTG, is taken directly from outside sources. The
detector costs were estimated by the Space Science Laboratory. Development of the detector is consid-
ered the highest risk activity for LUTE; and therefore, carries a very conservative cost estimate. The
DOE provided the RTG cost estimate. The RTG is a follow-on unit to the type used on Galileo and
Cassini. Both the RTG and detector are considered full out-of-house developments and do not
incorporate NWODB cost savings. The optical system is also assumed to be an out-of-house purchase,

but NWODB credits are taken against the cost.

In addition to the above subsystems, the estimated cost also includes program support, contin-
gency, program mission support (PMS), and fee. Program support, contingency, and fee are estimated as
percentages. The program support percentage is 5 percent, fee is 10 percent on the detector and optics, 5
percent on all other elements, and the contingency is estimated at 15 percent. The low contingency
percentage is consistent with NWODB. PMS is estimated at 21 FY93$k per civil service man-year.

In-house civil service manpower was estimated using a civil service manpower model developed
from data compiled for the Engineering Cost Group. The model estimated total in-house manpower for
the in-house design and development. The estimated manpower was then allocated at 10 percent to the
project office and 90 percent to the hardware design, development, fabrication, and test. The reduction in

out-of-house cost was estimated using data from the Cosmic Background Explorer.
Operations and data analysis cost and manpower is estimated using a percentage factor devel-

oped from a JSC study. The JSC study indicated that operations and data analysis would cost about
3 percent of the total phase C/D cost (and in this case, in-house manpower) per year.
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7.2.4 Minimum Configuration

An alternative cost estimate is shown in figure 187 (LUTE cost matrix). This estimate, titled
“minimum configuration,” incorporates several changes to reduce the cost. These changes reduce man-
power by 43.6 MY and save 86.2 RY$M. The minimum configuration LUTE requires 322.2 MY and
81.9 RY$M. One of the important changes is to use available CCD detector technology rather than
developing new technologies in the areas of pixel size and detector shape. Using available detector
technology not only reduces detector cost but also enables a lower cost optical system. Phase B funding
requirements can be reduced since advanced development is not required for the detector and the optical
system. The second important change is the deletion of the RTG and mission operations cost. The RTG
is assigned to the lander, and lander items are not costed in this study. Mission operations costs are
assumed to be funded separately, and thus are not included. Finally, ground system development cost is
reduced due to the overall flight hardware cost reductions.

7.2.5 NWODB

The LUTE cost and manpower estimate reflects a new approach to the way that NASA does
business. Called NWODB, this methodology estimates the impact to program cost for changes in the
procurement process, phase B funding, funding stability, management approaches, design methods, and
production processes.

Implicit in the NWODB cost savings are several changes in the relationship between NASA,
Congress, and the contractors. The NASA/Congressional relationship must change to allow for adequate
phase B funding and phase C/D funding stability. Adequate phase B funding will enable problems to be
identified and resolved early, with resulting savings in cost and manpower. Funding stability during
phase C/D will eliminate cost growth due to schedule slips and funding shortfalls. The NASA/contractor
relationship is assumed to change from a hands-on detailed oversight role to a performance specification
driven hands-off approach. The goal is to allow the contractor to find the best design solution for a set of
performance specifications. It is believed that such a change in the NASA/contractor relationship will
result in savings in both contractor dollars and NASA civil service manpower. This will require careful
definition of the performance specification and discipline by NASA/contractor management and
technical personnel.

The estimated effects of these NWODB changes of the LUTE cost are shown in figure 188. The
total possible NWODB cost savings is 25 percent. As can be seen in figure 188, the estimated LUTE
savings is less. The reason for lower estimated savings is that the limited timeframe for implementing
LUTE reduces the possibility for incorporating these changes into NASA’s culture.

Cost/Manpower Savings
Proposed Culture Change Cost Design & Development | Project Office

More Extensive Phase B 5.8% 5.8%
Multi-year Funding Stability 55% 5.5% 5.5%
Enhanced Quality/Management Methods 8.2% 8.2% 8.2%
Advanced Design Methods 2.0% 2.0%
Advanced Production Methods
Improved Procurement Processes 2.0% 2.0%

Totall  21.5% 19.9% 15.0%

Figure 188. Potential LUTE savings as a result of NWODB.
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8.0 FUTURE WORK

8.1 Near-Term Effort

The next technical effort for LUTE, either as an initial part of phase B or a precursor to phase B,
is described in detail in the following paragraphs.

8.1.1 LUTE Optical Systems Analysis

Design studies of the LUTE optical system have been performed during the phase A final study.
The resulting optical configuration, material selection, metering structure design, mirror support
schemes, etc., have been conceptually developed and evaluated to the depth which is normally
commensurate with a phase A level. Since the LUTE telescope is a very sophisticated optical system and
is constrained principally by cost and also by launch weight, further development of the design is
necessary to derive the best optical approach within these constraints. These studies must consider
manufacturing, assembly, and testing aspects within the current ability of optical houses and NASA.

Therefore, overall optical system analyses and evaluations should be performed by optical com-
panies with space telescope expertise, as an initial task in phase B or a precursor task to systems prelim-
inary design. These studies should address changes to the design that would optimize performance,
manufacturability, testing, cost and schedule, etc., made possible by relaxation of the mass constraints
and the availability of additional power for thermal control. The applicability of 7 um pixels in the CCD
detector should be part of these analyses with regard to the effects on focal length, optical prescription,
overall telescope design, and the pnmary/temary mirror structural design.

Results frrqm”these etudies, w1th t}}e_ assessments of LUTE overall assembly and testing concepts,
can then be utilized to derive contractor and Government cost estimates, and the technical results can be
utilized early in the phase B activity.

8.1.2 Large-Area Detector Array 7

Analyses of the large-area detector during the phase A studies pointed toward a detector pixel
size of 5 um. The resolution of the current LUTE {/3 three-mirror D. Korsch design is considerably
better than the limits imposed by the 5 um pixels; however, 5 um pixels are currently beyond the
commercial manufacturing state-of-the-art. Thus, it would be necessary to develop this manufacturmg
capability in industry and research laboratories. While such efforts should be continued, and since CCD
detectors of such pixel size are of interest to many researchers, another approach should be investigated
for LUTE, in which the pixel size of the detector elements is increased to commercially available
dimensions. This approach will save time and money, but its impact on the identified scientific
objectives for LUTE must be assessed.

Another area of concern with the CCD focal plane array derives from the requirement that the
observed stars describe curved tracks on the image plane which are in direct relation to the declination at
which the telescope is pointed. Thus, the rows of pixels in the array must be curved according to prese-
lected pointing declination. This is not only difficult to accomplish, it also requires accurate alignment to
that declination after the telescope has been deployed on the Moon. A more flexible and possibly
simpler solution might be obtained through the development of an array which responds to software cor-
rections of the star tracks in the time-delay-integration charge transfer. It is, therefore, proposed to assess
if such a declination-independent array could be designed and the algorithms developed. We propose to
proceed with a two-pronged approach, where modest funding continues the 5 pm pixel development and
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larger funding is dedicated to the development of a LUTE focal plane array using larger pixels. Evalua-
tion of developing curved pixel tracks versus applying software methods of star track registration is
recommended.

The capability of industry to produce large area CCD detectors, either fabricated directly on a
spherical substrate or sufficiently thinned that they could be “stretched” to conform to a spherical
surface, to allow matching the detector to the image field curvature must be investigated further. If a
photon counting rather than a drift scan detection mode is contemplated, software solutions to the
distortion problems must be investigated.

Using the optical analyses described previously, a breadboard CCD array of commercially
obtainable wavers should be developed to the requirements of typical dimensions and curvature of the
LUTE focal plane.

8.1.3 Environmental Measurement Package

One of the key supporting systems for LUTE and for future lunar instrument development is a
lunar environmental measurement package, which has been proposed and is currently under study at
New Mexico State University. Because this assembly of instruments enhances the LUTE mission and
works with information from the LUTE optical system, the analyses and design of this measurement
system should be expanded. Study results on weight, power requirements, communication and data
relay, etc., will directly affect the LUTE subsystems and total weight and volume estimates.

8.2 Long-Range Plans

A preliminary outline of LUTE programmatics, with 5 years from the start of phase B to launch
of the LUTE and a 2 year operational phase, are described in figure 189. In addition, the required docu-
mentation to support these programmatics is outlined on figure 190. The development stage for each
document is indicated as (P) for preliminary, (U) for update, or (B) for baseline. Several preliminary
documents, mentioned above, such as safety plan, reliability plan, and hazard analysis plan, are available
at the end of phase A, ahead of the documentation plan outlined.

Another effort to accomplish some early long-range planning and to identify risks in the project
was also accomplished through a small, disadvantaged business contract. The fidelity of the data avail-
able to include in planning activities of this nature is reflected directly in the results. However, the
activity forced early consideration of real hardware processes, was instructive to all the team members
participating in the activity, and provided a lower level of detail on tasks and sequencing of tasks than
the top level planning described above. The report on this long-range planning and risk-assessment
activity is included in appendix Q.
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9.0 CONCLUSION

The LUTE has been studied at MSEC for more than 1 year. Extensive evaluations of the scien-
tific merits were made by the astronomical community during a series of reviews and a LUTE science
workshop. Based on the scientific, technical, and programmatic assessments, it can be concluded that the
LUTE mission is scientifically justifiable, technically feasible without major new technology develop-
ment, and possible within schedule and cost envelopes which support the science and pathfinder mission
objectives. Significant by-products of this scientific mission are new engineering insight into long-term
lunar design criteria and requirements and the use of science data as an educational tool at all levels of
the educational system.

The unique LUTE UV survey will provide valuable tools for astrophysical research. It will be a
primary data source for the study of point and diffuse UV sources of all classes and will identify prime
targets for high resolution study with orbital instruments.

Production of the LUTE telescope is well within the capability of existing manufacturing facili-
ties and current technology, as shown by detailed analyses of the LUTE optical system and the telescope
supporting subsystems. The detector is the only area where a current technological challenge exists and
an alternative approach should be considered. The LUTE telescope was initially laid out with a very fast
f/3 optical system, which is desirable from a scientific aspect. This system ideally requires a focal plane
CCD detector array with a pixel size smaller than 5 pm, which is not currently available. While 5 pm
pixel CCD’s will eventually be developed, the LUTE design should be based on a technically mature
CCD pixel size. Introducing currently available 7 um pixels for the LUTE CCD would change the
system to a /4.2 (still a very fast system) and increase the back focal length, i.e., the telescope length by
only 26 cm, which can easily be accommodated in the design. Reviews by the scientific community
should confirm that this approach will not have a significant impact on the science objectives as defined
by the LUTE Science Working Group in March 1993. Assessment of the LUTE development schedule
has shown that a 5 year development program is reasonable within the boundaries of detailed design,
manufacturing, and testing. NWODB, now being implemented by industry and Government, will reduce
the amount of documentation required via concurrent engineering practices, and thus shorten schedules
and reduce cost. These concepts have been included in the schedule and costing analyses for LUTE.

During the studies of LUTE, various options for delivery to and landing of the telescope on the
Moon have been analyzed. Because a definitive lunar landing vehicle is not currently available, a
generic lunar lander was devised as a representative lander and lunar platform for LUTE. In this context,
the LUTE design is conservative because a guideline that LUTE be a self-sufficient system has been
strictly maintained during the study. -

The only interfaces with the generic lander are structural connections and an electrical cable
interface with the RTG mounted on one of the lander legs. Pointing and alignment, power distribution,
thermal control, and communication are telescope functions in the current design. When a specific
lander vehicle becomes available or is defined, some of the telescope supporting subsystems, such as
electronic equipment and computers, communication and data handling, and others, may become
integral with the equivalent lander systems, which will reduce system weight and cost.

Independent documented assessment of the telescope optics by experienced optical houses and
selected subsystem evaluation by aerospace industries further confirm the overall technical feasibility of

the LUTE.
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1.0 INTRODUCTION
1.1 Purpose

This document describes the planned activities, interfaces, and objectives for
the MSFC developed Lunar Ultraviolet Telescope Experiment (LUTE). The New
Ways of Doing Business (NWODB) philosophies will be used to achieve
streamlined documentation which will evolve as the project progresses. This
document will be wused to satisfy documentation required between the
Administrator and Program Associate Administrator (PAA) and the PAA and
the Field Installation Directors (FIDs).

1.2 Scope

The scope of the LUTE project, as described by this plan, includes the in-house
definition, design, development, production, integration/test, and operation of
the LUTE with contracted effort only in specific areas of need.

This document will outline the management plan, technical interfaces,
procurement strategy, schedule and resource estimate, and technical/
programmatic risks for the LUTE project. The NWODB for the LUTE project will
be discussed as it applies to these areas.

2.0 PROGRAM SUMMARY

In 1989 a National commitment was made by the President of the United States
to achieve the goals of human and robotic exploration of the Moon and Mars,
as soon as possible, within the constraints of the national resources. The LUTE
project will respond to these goals by developing a one meter ultraviolet
telescope which will take advantage of the unique aspects of the moon to
perform astrophysics astronomy. The LUTE will serve as a technological
pathfinder for the design of future lunar surface instruments, as well as, as a
scientifically viable, small, quick, inexpensive initial step in our return to the
moon.

The LUTE project falls under the responsibility of the Office of Space Science.
Through the authority of the Astrophysics Division of the Office of Space
Science, the MSFC has been designated as the lead project management and
development center for the LUTE. Close relationships will exist between NASA
Headquarters, the LUTE Task Team, the Principal Investigator (PI) groups, and
the Russian space program.

A cooperative effort to integfate the LUTE project with the Russian space
program is envisioned for the lander, launch vehicle, and Radioisotope
Thermoelectric Generator (RTG).

3.0 MISSION OBJECTIVES

3.1 Science

The LUTE will take advantage of the unique aspects of the moon (i.e., fixed

rotation rates, vacuum environment, etc.) to perform astrophysics astronomy.
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The LUTE will be able to produce an ultraviolet imaging survey of the universe
over a larger fraction of the sky than has ever been produced. The astronomy
performed by the LUTE will complement the earth orbiting telescope program.
Furthermore, the data retrieved by the LUTE will support research on
hundreds of astronomical point-sources, ranging from analysis of UV colors in
main sequence stars to studies of active galactic nuclei and quasars.

The LUTE science will also be used in the educational and public outreach
programs. The transmission of LUTE images will have direct application to
science and astronomy at all levels of the educational system.

32 Lunar Science/Exploration Technology

The LUTE plans to serve as a pathfinder for the design of future lunar surface
instruments. The LUTE will provide information about the lunar
environmental effects on operational systems hardware by serving as a long
duration exposure facility (2 year minimum). The operation of the LUTE will
also provide important lunar engineering data in the area of material
degradation due to the lunar thermal fluctuations, dust contamination,
radiation, and vacuum effects. The information obtained by LUTE will be
significantly beneficial to the future exploration missions to the Moon.

4.0 BACKGROUND AND RELATED STUDIES

The MSFC has gained experience in the definition, design, and development of
telescopes through the Hubble Space Telescope. Furthermore, there are
several conceptual telescope studies which have been developed prior to the
LUTE. These precursor studies are depicted by Figure 4.0. This figure depicts
how the desire for a lunar telescope started with the study of a large 16 meter
telescope, the Large Lunar Telescope (LLT); was reduced in size and studied as a
4 meter cluster telescope, the Lunar Cluster Telescope Experiment (LCTE); and
then was further reduced to the 2 meter Lunar Transit Telescope (LTT) before
being studied as a 1 meter telescope.

The LTT went through an extensive feasibility study. This study, completed in
early 1992, produced two significant documents: the LTT Feasibility Study (Doc
#LLT-004, January 1992) and the LTT Project Description (March 1992). The
LUTE is derived from the LTT study and therefore a brief overview of the LTT,
taken from these two documents, is beneficial in understanding the origin of
the LUTE.

The LTT study involved a fixed-declination, 2 m-class, optical telescope with an
observing capability in the ultraviolet, visible, and infrared regions of the
spectrum.  This unmanned, transit telescope was to be placed on the lunar
surface in the early stages of returning to the Moon.

The LTT used an all-reflective optical system composed of a very low weight
two meter primary mirror plus the active optics of two correcting mirrors.
The elements of the telescope, including the optics, the metering structure, the
baffles, the light shield, and the sunshade were to be mounted on a central
core structure which would also support the propulsion subsystem, the
landing mechanisms and other subsystems serving the LTT.
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FIGURE 4.0 - LUTE Precursor Studies

The propulsion, power, communication, guidance, navigation, and reaction
control and landing mechanism subsystems, were designed to place the LTT on
the lunar surface accurately at a designated site with the required orientation.
Once the LTT was settled on the Moon, the core structure, landing structures,
and mechanisms were to serve as the pedestal and fixed mount for the
telescope throughout science operations. '

The landing subsystem concept developed during MSFC studies was to support
the LTT mission in its initial configuration, and grow to meet the needs of
future lunar observatories. The LTT integrated landing system/payload was
planned for launch to the Moon aboard a Titan IV - Centaur launch vehicle.

The study showed that LTT could become a "flagship" project, leading the way
to increased system procurement and management effectiveness. New,
creative and imaginative management techniques were planned for
application to the development of the LTT system to effect the maximum

savings in time and cost.

The LUTE, being a smaller, less expensive telescope is a perfect place to start in
the developmental evolution of these larger telescopes. The early operation of
the LUTE will provide vital information which will facilitate larger lunar
telescope design.
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5.0 SUMMARY OF TECHNICAL PLAN
5.1 LUTE Description

The LUTE is a stationary, l-meter ultraviolet optical telescope designed for a
two year life on the Moon. (See Figure 5.1.) The LUTE will be the first major
instrument to profit from the unique advantages of the Moon (i.e.,, a
superstable astronomical platform with negligible atmosphere).

The LUTE will achieve a wide field of view with a compact three mirror optical
system using lightweight mirror materials. The focal plane instrument is a
two-dimensional mosaic of charge coupled devices (CCD’s), arranged to give a
1.4-degree-wide field of view. The LUTE will not track specific targets, but will
be pointed continuously at a chosen declination. As the Moon rotates about its
axis during its 28-day period, the LUTE will observe continuously along a 1.4-
degree-wide path across the celestial sphere.

The LUTE will produce a UV imaging survey of a swath of the universe to a
limiting visual magnitude of 27 with high angular resolution and broad
wavelength coverage. . Each year the LUTE will survey greater than 300
square degrees of the celestial sphere with a resolution of 0.5 arcsec or better.
Most of this swath will be examined at least 24 times to enable astrometric and
variability assessments of interesting targets. The bandwidth accessible with
the LUTE extends from 1000 to 3500 A in three bandpasses currently assumed to
be 800 A wide. This ensures acquisition of a statistically complete sample of
both point and extended sources which are bright in the UV,

The LUTE data will support research on hundreds of astronomical point-
sources ranging from asteroid coma and cometary H and OH, through analysis
of UV colors in main sequence stars, investigations of cataclysmic variables
and accreting binaries, out to studies of active galactic nuclei and quasars.

The LUTE will also serve as a lunar long duration exposure facility. Its data
stream will include information about the ‘lunar environmental effects on
operational lunar systems.

5.2 LUTE Operations

5.2.1 Integration/Test, Launch, and Flight Activities

Integration and end to end test of the LUTE will be performed at the MSFC.
Integration of the LUTE to the Russian lander will be performed by MSFC

personnel and the Russian lander organization. Testing of the integrated
telescope/lander system will be performed at TBD.
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FIGURE 5.1 - Lunar Ultra
Generic Lander (Exploded View)

Integration of the telescope/lander system to an expendable launch vehicle
will be done in conjunction with the Russian space program. All testing and
control of the launch vehicle will be managed by TBD. Launch of the LUTE
will occur at the TBD launch site.

Upon launch of the LUTE, control will be given to the MSFC. The flight will be
monitored and controlled from the LUTE Operations Control Center (LOCC).
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5.2.2 Communications

The LUTE will generate a continuous, minimum 200 kilobit telemetry stream to
Earth utilizing the NASA Deep Space Network. Data will be routed to the LUTE
Operations Control Center (LOCC) located at the TBD institution. The LOCC will
process and distribute the downlink information from the LUTE to the
Scientific Data Center (SDC), the Engineering Support Center (ESC), and the
Educational and Media Service Center (EMSC). The LOCC will also provide the
capability to control the instrument by ground initiated commands.

The SDC will distribute and archive the science information from the
telemetry downlink for the scientific community. The ESC will provide
information to engineering support personnel to monitor health and status of
the LUTE. The EMSC will coordinate the dissemination of LUTE operations
information to scientific, educational, and media services.

The LOCC will utilize many existing institutional electronic data transfer
networks to communicate with the SDC, ESC, and the EMSC. These centers may
be located within the LOCC or electronically connected.

5.3 Technological Products

Several technological products and contributions to future lunar telescopes
will result from the LUTE project. Three significant areas where there will
be technological contributions are in the thermal, structural, and pointing &
alignment systems of the LUTE.

Innovative application of existing thermal control technology will result from
the operation of the LUTE. Significant knowledge of material degradation and
the lunar thermal environment will be applicable to any future lunar
operations: habitats, unmanned science/robotic exploration missions, rover,
ctc.

In the structures area, the LUTE will (1) gain insight into the design of optical
structures for large bulk temperature cycles and internal temperature
gradients, (2) gain significant information into the design of telescopes for a
surface gravity of one-sixth earth gravity, and (3) help to characterize the
degradation of structural materials exposed to the lunar environment.

Long term attitude and alignment sensing will require the development of sun
sensors, LED systems, star trackers, and other sensors that will operate
accurately in the lunar thermal and dust environment. This development will
not only be necessary for future lunar telescopes, but for any structure
requiring precision alignment and knowledge.

6.0 MANAGEMENT APPROACH
6.1 Introduction
The management of the LUTE project will involve the use of new philosophies

to minimize cost and schedule. These NWODB include: streamlined
documentation and review process, concurrent engineering, organization of
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task team in Phase A, integration of Program Development and S&E personnel
in Phase A, more extensive Phase B, and others.

6.2  Organization

The proposed LUTE Organization is shown in Figure 6.2. The organizational
structure, which specifically addresses the Phase A study, reflects the
integration of Program Development and S&E personnel. This new way of
doing business deals with the importance of having all parties involved in the
project in its earliest stages to facilitate a smooth transition into later stages of
the project.

NASA HQ
X
0ss
— E——
Astrophysics = = =5
Division H Sonce
K —— Advisory
MSFC ! Groups
I
— '
Program ] .
Devslgpmem —— Universities

Manager/Depu

Manager/Chie 9 Project Scientist
Engineer

Procurement S&MA

Principal Project
Investigator(s) Control

Program

Development S&E

Contracted Effort

LUTE Task Team

FIGURE 6.2 - LUTE Project Organization

In the following paragraphs, the responsibilities for the organizations shown
in Figure 6.2 will be described. These responsibilities will evolve into more
detailed tasks as the project progresses.
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6.2.1 Office of Space Science

The Astrophysics Division of the Office of Space Science has overall
responsibility for the LUTE. The Astrophysics Division has designated the
MSFC as the lead project management and development center for the LUTE.

6.2.2 Russian Space Program
TBD
6.2.3 LUTE Task Team
6.2.3.1 Task Team Manager

The LUTE Task Team Manager is responsible for the overall management of the
LUTE’s definition, design, development, integration, test, and operation within
the constraints of cost, schedule, and performance. Furthermore, the Task
Team Manager is responsible for the

+ development of the LUTE goals and objectives;

- management of contracts and agreements with industry,
universities, other NASA centers; and International Space Agencies

- maintenance of management milestones and reviews; and

+ integration of all mission elements.

6.2.3.2 Deputy Task Team Manager

The Deputy Task Team Manager assists and supports the Task Team Manager in
the overall management of the LUTE as described in 6.2.3.1 and serves as Task
Team Manager in his absence.

6.2.3.3 Chief Engineer

The Chief Engineer is responsible for the engineering and technical aspects
of the LUTE project. The Chief Engineer is responsible for

« the identification of engineering required to accomplish the project,

« ensuring staffing to address project engineering and technical
aspects, and

« the identification of technical issues which require resolution.

6.2.3.4 Project Scientist

The LUTE Project Scientist is responsible for the science definition and
integration. The Project Scientist is responsible for the

- development of the LUTE science rationale, goals, and objectives;

« participation in the planning of mission science operations to
ensure the attainment of mission goals; and

+ consultation with the LUTE Task Team Manager on all science
matters.
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6.2.3.5 Principal Investigators (PIs) and Universities
The Principal Investigators will be responsible for

» supporting the development of the LUTE science rationale, goals, and
objectives;

« participation in the planning of mission science operations;

* definition and design of the focal plane instrument; and

« consultation with the LUTE Task Team Manager and Project Scientist
on all science matters.

6.2.3.6 Program Development

The Program Development Directorate has the overall authority for the LUTE
Task Team. Personnel from the Program Development support in the
subsystem definition and design of the LUTE. Subsystem support is provided in
the following areas: thermal analysis, electrical power, communications &
data management, configurations/mechanisms, pointing & alignment, and
structures.

6.2.3.7 MSFC Science & Engineering (S&E) Directorate

The S&E Directorate is supporting the Task Team by providing personnel in the
definition and design phases. These personnel are responsible for

« overall design integration of the optical system;

» focal plane instrument software design and integration; and

« support to the LUTE design in the following areas: systems analysis,
operations, structures, electrical power, communications & data
management, pointing & alignment, thermal control, mechanical
design, stress & dynamics, materials, fabrication planning, software
planning, and integrated test planning.

6.2.3.8 Project Control

The Project Control function of the LUTE Task Team is made up of personnel
from the Program Development Directorate. The functions of these personnel
are as follows:

+« cost estimation for the design, development, production, and
operation of the LUTE;

« overall project planning: development, maintenance, and
monitoring of schedules; development and management of logic
networks; and

« overall resource management: establish and control cost and
manpower requirements and the implementation of procurement
strategies.

6.2.4 Procurémcnt

The procurement organization will provide the necessary support to develop
and facilitate the acquisition of the optical telescope assembly and detector for
the LUTE.




6.2.5 Safety & Mission Assurance (S&MA)

S&MA will provide the safety, reliability, and quality functions during all
phases of the LUTE project.

The systems safety function of the LUTE Task Team will be provided by the
Systems Safety Engineering Office. Their responsibilities will include the
following:

« During the Feasibility and Concept Phase (Phase A), a preliminary
hazard assessment based upon the Phase A LUTE configuration will
be performed.

« During the definition phase, the LUTE System Safety Plan will be
developed and specific safety criteria will be established.

+ During the design phase, a detailed LUTE hazard analysis and safety
assessment will be performed. An integrated LUTE and lander
hazard analysis will also be performed.

The reliability function will be provided by the Systems Safety and Reliability
Office. Their responsibilities will include the following:

« A reliability program plan will be prepared and coordinated with the
LUTE Task Team during the Feasibility and Concept Phase (Phase A).
The reliability plan will address the appropriate set of tasks and
requirements to assure a project reliability commensurate with the
designed “class of payload” and acceptable project risks. The plan
will address in-house required tasks as well as identification of the
reliability effort to be performed under any contracted agreements.

« Basic reliability tasks will be performed starting with the Definition
Phase (Phase B) and proceeding through the Design/Development
Phase (Phase C/D). These tasks include: Failure Mode and Effects
(FMEA) and Critical Items List (CIL) preparation, support to the
design review process, problem reporting and assessment, and
acceptability of the EEE parts program.

6.2.6 Contracted Effort

To date, the known contracted effort will include the procurement of the
I-meter optical assembly and the detector. These are long lead procurement
items which must be procured as early in the process as possible. Specialized
testing of the LUTE will also be a contracted effort, however, the specific
testing required will be defined early in Phase B.

6.3 Requirements Definition & Documentation
During Phase A, the LUTE requirements will be developed, maintained, and

integrated by the LUTE Task Team and approved by the LUTE Task Team
Manager. The required documentation is depicted in Figure 6.3.

- 10 -
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6.5 Resources - Cost and Manpower Estimates

The LUTE cost estimate is based on standard parametric assumptions and
techniques. The estimate is for the design, development, and build of a single

flight telescope with corresponding supporting subsystems. Costs are also
estimated for an in-house Phase B, ground systems development, and post-
flight operations. Descriptions of the telescope and supporting subsystems

provided by the LUTE Task Team form the inputs to the estimate.

Several key assumptions are made concerning the planned development of
LUTE in order to facilitate the cost estimate. Among these assumptions are the
following:  in-house design, development, and build; standard integration, fee,
and contingency percentages; use of a 60% cost/50% time beta curve to spread
the cost; and use of the latest NASA Headquarters Inflation Index for all cost
escalation. The most important assumption is the New Ways of Doing Business
(NWODB) factors to reduce the cost. These factors assume that changes will be
made in the way that NASA does business, thus reducing cost. The NWODB
include a more extensive Phase B, multi-year funding stability, enhanced
quality/management methods, advanced design methods, and
procurement/contract management reform.

The cost models used for the LUTE estimate are the MSFC Instrument Cost Model
to estimate the telescope cost and the NASA Cost Model (NASCOM) to estimate the
supporting subsystems cost. The detector costs are provided by the Space
Science Lab (SSL) and the RTG costs are provided by the Department of Energy
(DOE). Ground systems development cost is estimated using the GSFC Ground
Systems Cost Model. Operations and data analysis cost is based on the JSC
Spacecraft Operations Cost Model. In-house manpower is determined using
analogies to previous in-house NASA projects and MSFC developed estimating
relationships.  All estimates assume a protoflight approach.

The current cost estimate includes all expected costs from Phase B through
launch, plus two years of operations. Only two items are not costed: the
launch vehicle and the lander. Though these items represent a cost to NASA,
it is not expected that the cost will be attributed to the LUTE project.

The baseline cost and manpower estimate is $168.3 million and 366 civil service
man-years (see Figures 6.5A and 6.5B). These numbers are based on a one year
Phase B, a four-year development schedule with Phase C/D start in FY93,
launch in CY98, and two years of data analysis. NWODB credits are fully taken.
Without the NWODB reductions, cost and manpower increase to $208.4 million
and 481 man-years. (For comparison purposes, a total out-of-house approach
with no NWODB reductions would cost $263.9M and require 185 man-years for
the project office.)

6.6 Risk Assessments

Many technical and programmatic risk areas exist that could increase the cost
of the LUTE mission. Technical areas of high risk are development of the
detector array, thermal control of the detector, control of deformations in the
optical system, and weight. The detector array is high risk because it involves
the development of new technologies; the risk is always great for cost
overruns when developing new technologies. The thermal control system is

- 13 -
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complicated by the extreme temperature environment of the moon and the
sensitivity of the optics (and other subsystems) to temperature gradients and

changes.
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The largest programmatic risk is the use of the New Ways of Doing Business
(NWODB) factors. Many of the cost reductions realized using these factors are
beyond the control of the task team. If any of the NWODB assumptions are not
met, cost increases will occur. Other programmatic assumptions that carry
significant risk are unanticipated events during the in-house development
effort which may require the use of outside engineering support. This
engineering support may require additional expenditures. These wuncosted
items are not high risk, but are necessary and may require additional funds (a
few can possibly be done totally in-house). These costs will either be charged
directly to the project office or born by some other part of NASA.

7.0 PROCUREMENT APPROACH

The procurement approach for the LUTE involves some contracted activity in
parallel with the MSFC in-house activity throughout the conceptual,
definition, design, and development phases of the LUTE.

During the conceptual phase several studies, awarded as grants, were
performed by universities.  Also, several procurement contracts were initiated
and completed with the optical industry and Small Disadvantaged Businesses. It
is anticipated that the LUTE project will use these types of procurements to
obtain other relevant studies in future phases of the project.

The only major procurement to be utilized by the LUTE project is the
acquisition of the optical telescope assembly and the detector. It is anticipated
that these items will be a long lead procurement, acquired through a full and
open competition. The NWODB approach to managing this contract by using
performance specifications (i.e., NASA as a technical advisor rather than
monitor) will decrease cost and schedule.
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LEVEL I SYSTEMS REQUIREMENTS DOCUMENT (LUTE)
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LUTE PROJECT LEVEL I SYSTEMS REQUIREMENTS
1.0 SCOPE AND CONTROL

This program requirements document establishes the Level I requirements for the Lunar
Ultraviolet Telescope Experiment (LUTE) program. Currently the LUTE program
includes the development of both the LUTE and the Lunar Lander, which together form
the Integrated Payload (IP). The IP is designated as a Class B payload per NMI 8010.1A
in terms of the total approach to development, reliability, and quality assurance. The
requirements specified in this document are established on the basis of science
requirements which exist at the time of Phase A development of the program, and include
functional, physical and procedural requirements for the LUTE mission. The LUTE
system shall be designed to meet these requirements unless specific waivers have been
approved by the Associate Administrator of the Office of Space Science and Applications
(OSSA), NASA Headquarters. This is a Level I document that is controlled, and
maintained at Level I by NASA Headquarters, OSSA.

2.0 MISSION REQUIREMENTS
2.1 LUTE Mission

The LUTE mission is to transport an ultraviolet(UV) astronomical observatory to
the lunar surface and to collect useful astronomical data during the operational life
of the experiment for both scientific and educational purposes. The two year
mission of the LUTE will be to ensure acquisition of a statistically complete
sample of both point and extended sources which are bright in the UV. By .
utilizing the moon and its natural rotation as a moving observation platform, the
UV telescope will gather scientific data and relay it to earth for analysis.

2.2 In-flight Transportation

2.2.1 The LUTE shall be delivered to a nominal low earth orbit by TBD
{Atlas IIAS/Proton)} Launch vehicle.

2.2.2 The TBD (Centaur} upper stage shall initiate the first phase of
Trans-Lunar Injection (TLI) and the main propulsion system of the Lunar
lander shall complete TLI.

2.2.3 The Lander shall provide a controlled, powered descent to the
predetermined landing site.

2.3 Lunar Operational Life.

2.3.1 The LUTE shall be have a 2 year fully operational life, with
operations continuing aftcr thc 2 years as capabilities allow.

2.3.2 The LUTE shall be considered fully operatlonal if all subsystems
are functioning to their design requirements.

2.3.3 The LUTE shall be considered operational as long as useful
science data can be obtained.
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2.3.4 The IP systems shall have a fail-safe fail-op capability to assure
safety and operability of all LUTE systems and subsystems after launch.

2.4 Environmental Effects.

All reasonable precautions shall be taken during development,
transportation, launch, and operations to protect against environmental
conditions which could jeopardize the scientific performance of the
LUTE.

2.5 Calibration

The LUTE shall be calibrated on the ground and on the lunar surface to
provide quantitative values to all parameters which will be required for
future data analyses. The calibrations shall be performed with the goal of
determining the operational performance with accuracies of 1 percent or
better, whenever scientifically important and technically feasible.

2.6 Verification

A verification program for a Class B payload shall be conducted to insure
that the LUTE meets all program requirements. The verification program
shall include the transmission of data through the NASA Communication
Network (NASCOM), Lunar Operations Support Center (LOSC), LUTE
Science Center (L.SC), to demonstrate the compatibility of ground support
systems. The verification program shall insure the interface compatibility
between the LUTE/Lander and launch vehicle.

2.7 Ground Integration
2.7.1 The LUTE and Lander shall undergo final acceptance prior to
delivery to the launch site {CCAFS/TBD}. Final integration and
verification of launch readiness shall occur at the launch site.

2.7.2 Ground integration activities shall be compatible with existing
launch site facililities.

3.0 FLIGHT SYSTEMS REQUIREMENTS
3.1 Telescope
3.1.1 Mission Requirements

3.1.1.1 The Telescope shall provide for viewing within
approximately 10° of the Galactic pole.

3.1.1.2 The Telescope placement and viewing direction shall
minimize the optical depth of the geocorona through which
observations must be made.

3.1.2 Observatory Requirements

3.1.2.1 The observatory shall be a wide field, three mirror,
aplanatic ultraviolet Telescope with a nominal 1.0 meter aperture.
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3.1.2.2 The observatory shall be a capable of imaging a 1.4-
degree-wide field of view.

3.1.3 Telescope Subsystems Requirements
3.1.3.1 Optical Subsystem

3.1.3.1.1. The optical subsystem shall have a nominal back
focal length of TBD {65} cm, and a nominal outer diameter
of 1.0 m.

3.1.3.1.2. The optical subsystem shall have a focal ratio of
TBD {3} (F/3). '

3.1.3.1.3. The optical subsystem shall produce UV imaging
ina bﬁndwidth that extends from approximately 1000A to

3500A in three band passes 800A in width (exact limits
TBD).

3.1.3.2 Structural Support Subsystem
The LUTE structural support subsystem shall provide the
structure to mount all associated subsystems and the three-
mirror observatory.

3.1.3.3 Pointing Control Subsystem
After landing, the Pointing Control Subs'y:sﬂtictﬁl shallfbic
capable of making a one-time adjustment to the LUTE
subsystems to position them in the orientation needed to
fulfill requirement 3.1.1.3.

3.1.34 LUTE Contarﬁination Control

The LUTE contamination control shall prevent catastrophic
loss of subsystems.

3.2. Lander
3.2.1 Mission Requirements -

3.2.1.1 The lunar lander shall be capable of delivering the LUTE
Telescope to within TBD km of a specified landing site.

3.2.1.2 The Lander shall deliver LUTE to the lunar surface
without disrupting the operability of the LUTE systems.

3.2.1.3 The Lander shall provide the final stage of trans-lunar
injection (TLI), lunar orbit insertion (LOI), and descent to the lunar
surface.
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3.2.1.4 The Lander systems and subsystems shall not interfere
with LUTE performance.

3.2.1.5 The Lander shall determine and transmit landing site
orientation and coordinates after stabilization on the lunar surface.

3.2.2 Operational Capability
3.2.2.1 As aplatform, the lander shall have a 2-year fully
operational life, with operations continuing after the 2 years as
capabilities allow.

3.2.2.2 The Lander systems not common with LUTE shall operate
on the lunar surface only to the point of ensuring the safety and
operability of the LUTE systems.

3.2.3 Lunar Lander Subsystem Requirements

3.2.3.1 Propulsion Subsystem

3.2.3.1.1 The Lander shall provide the thrust required to
execute TLI, LOI, and a controlled landing.

3.2.3.1.2 The propulsion subsystem shall generate control
torques to achieve and maintain vehicle attitudes during
TLI, LOI, and landing.

3.2.3.2 Structural Support Assembly

3.2.3.2.1 The Lander shall provide a structural interface
with fixed mounting points to support all LUTE systems.

3.2.3.2.2 The Lander shall be capable of supporting static
and dynamic loads incurred on the IP during all preflight,
flight, landing, and operation phases.

3.2.3.2.3 The Lander shall provide a post-landing stable
platform.

3.2.3.3 Guidance, Navigation and Control (GN&C) Subsystem
The GN&C subsystem shall maintain attitude and
directional control during all phases of the flight from TLI
to lunar landing.

3.2.3.4 Tracking Subsystem

The Lander shall incorporate a tracking subsystem to
support descent and landing.
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3.3 Integrated Payload Subsystem Requirements
3.3.1 Thermal Control Subsystem

3.3.1.1 The TCS must accommodate a variety of flight attitudes
during all phases of the mission.

3.3.1.2 The TCS shall provide the capability to keep all IP
subsystems operational within the temperature limits of the lunar
environment.

3.3.1.3 The TCS shall minimize power consumption and
subsystem weight.

332 Data Management Subsystem

3.3.2.1. Transmission Linlﬁcsi
332.1.1. All normal data transmissions to and from the IP
shall be via the Deep Space Network and NASCOM.

3.3.2.1.2. The Data Management Subsystem shall be
capable of simultaneous and separate transmission of
science and engineering data.

3.3.2.2 Data Acquisition - -

3.3.2.2.1 Data shall be recorded and transmitted with high
accuracy and reliability such that no more than 5% of the
acquired data shall be lost in transmitting data from the
spacecraft to the LSC.

3.3.2.2.2 All flight and ancillary data (i.e., translunar
flight coordinates, lunar landing location, universal time,
etc.) shall be available to the LSC within 72 hours after
receipt at the LOSC. -

3.3.3 Power Supply and Distribution Subsystem

The Power Supply and Distribution Subsystem shall provide
sufficient power to all of the IP systems.

3.3.4 Flight Software

3.3.4.1 The IP Flight Software shall provide the data processing
modules necessary to control and monitor all aspects of the IP
operations. ,

3.3.4.2 The Flight Software shall provide the capability to restore
memory data in the onboard computer and also provide the
capability to dump the onboard computer memory to ground
support. .
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4.0 SAFETY
The design of the LUTE integrated payload shall assure that safety of the Launch
Vehicle, launch vehicle operations personnel and ground support personnel are
not compromised at any time under normal or any credible mode of operation.
5.0 RELIABILITY
Except for structural assemblies, including pressure vessels, no credible single
point failure will jeopardize the mission. No two credible failures shall cause loss

of life or damage to surrounding facilities (transporters, launch pads, launch
vehicle, etc.).

6.0 MISSION GROUND SUPPORT REQUIREMENTS
6.1 LUTE Operations Support Center (LOSC)
The LOSC shall provide the ability to monitor, evaluate, operate, and control the
performance of all LUTE flight systems for the duration of the LUTE mission and
shall provide a communications link from the IP to the LSC.
6.2 LUTE Science Center (LSC)
The LSC shall provide science planning, data reduction and analysis, archiving
and dissemination of data, and a focal point for interaction with the scientific
community.
6.3 Autonomy
The LUTE shall be designed with an appropriate balance between autonomous

operation and supporting ground communication and interaction, in a manner to
maximize life and minimize life cycle costs.
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LEVEL II SYSTEMS REQUIREMENTS FOR THE LUTE PROJECT
1.0 INTRODUCTION

1.1 Purpose

The purpose of this document is to define the Level II design and development
requirements for the LUTE project. The performance requirements outlined in this
document represent the minimum performance levels of the Telescope to be used in
carrying out the requirements of the LUTE program throughout its mission life.

1.2 Scope

This document establishes the systems requirements for all elements of the LUTE
and shall comply with the LUTE Level I Program Requirement Document.

1.3 Document Format

The Level IT Systems Requirements Document (SRD) is organized in a standard
format of five sections as described below.

Section Number » Tatle Content

1.0 Introduction Detines the purpose and
scope of the document and
includes a description of the

LUTE project.

20 Applicable Documents Lists the applicable
gogumcnts cited in Section

3.0 Requirements Defines the functional and
performance requirements
imposed upon the LUTE
design.

40 Verification Defines the venfication of
Section 3.0 requirements.

5.0 Preparation for delivery Instructions for preparation
packaging and shipment.

6.0 Notes

7.0 Appendix

1.4 Project Description

The purpose of the LUTE program is to take advantage of the unique
aspects of the lunar environment for astronomy observations in the
ultraviolet wavelengths, collect environmental data to support the design of
future lunar equipment, and to provide a source of educational material for
wide distribution to primary and secondary educational systems both for the
United States and the international community. The LUTE Lander shall
both transport the LUTE telescope to the lunar surface and provide a stable
platform for the Telescope
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1.5 Control
This document shall be controlled at Level I by the MSFC Advanced Projects

Office, Lunar Ultraviolet Telescope Experiment Task Team, PF21. For further
reference regarding documentation flow, refer to Figure 1-1, below.

Figure 1-1 LUTE Systems Requirements Documentation Tree

LUTE Level I
Systems Requirements Document

. v

LUTE Level IT LUTE Level IT
Telescope Systems Lander Systems
Requirements Document Requirements Document

v

( Support Plans

Llnterface Documentation
k Specifications
k Drawings
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1.6 Reference Configuration

Figure 1-2 represents the coordinate system for the latest LUTE reference
configuration.

Figure 1-2: LUTE Configuration Reference Coordinates

TOPYIEW TOP VIEW

y (North)

x (East)

SIDE VIEW
z (vertical)

(North) X (East)

N

Lunar Surface

Figure 1-3 represents the latest reference configuration for the LUTE subsystems.

Figure 1-3 Telescope Reference Configuration

Reference Configuration TBD
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Deck Tilt - The angle at which the deck of the Lander is tilted away from the local
horizontal plane. This angle must be stated in conjunction with the 6 angle.

Viewing Declihﬁtidt; iFor a certain @ anélé, the viewing declination angle is equal
to the latitude minus Deck tilt angle minus the tilt of the optical assembly.

Integrated Payload(IP) - This term is used to refer to the integrated LUTE
telescope and the Lunar Lander as one package.

Lander - Refers to the LUTE Lunar Lander.
2.0 APPLICABLE DOCUMENTS

The following documents form a part of these requirements to the extent specified
herein. In the even of conflict between documents referenced below and other
project documentation, the requirements specified herein shall govern.

DOCUMENTNO,  TITLE

K-STSM-14.1
MSFC-PLAN-904
MSFC-SCPE-1548
DSN-TBD
DOC-TBD

NASA TM-X-73343
MSFC-HDBK-1453
MSEC-PLAN-TBD

NHB 5300.4(1D-2)

Launch Site Accomodations
Handbook for Payloads

OCC/LOSC Functional
Requirements on the HOSC

GSE Requirements for
MSFC STS Experiments

LUTE/Lander Compatibility
with DSN

IP Software Management
Plan

TBD
Fracture Control Handbook
Safety and Mission

Assurance Plan for the
Lunar Telescope

Safety, Reliability,
Maintainability. and Quality
Provisions for the Space
Shuttle program

PARA.NO,
3.2.3.1

32423
3.6
3.10.2
3.12.1

3.14.1
3.16.1
3.18

3.18.1.1
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NHB 5300.4(1C)

NASA-TM-TBD

NASA-T BD-DOC

NHB 5300.4(1C)

NHB 5300.4(3I)

NHB 5300.4(3K)

MSFC-STD-506C

MSFC-HDBK-527F

JSC-SP-R-0022A

MSFC-SPEC-1443

MSFC-SPEC-1238

D-R-A-F-T

Inspections Systems
Provisions for Aeronautical
and Space System Materials,
Parts, Components and
Services

Natural Environment Design
Specifications for the Lunar
Telescope

Meteoroid, Orbital and
Lunar Debris Design
Specifications for the Lunar
Telescope

Inspection Systems
Provisions for Aeronautical
and Space System Materials,
Parts, Components, and
Services

Requirements for Printed
Wiring Boards

Design Requirements for
Rigid Printing Wiring
Boards and Assemblies

Materials and Process
Control

Materials Selection List for
Space Hardware Systems

General Specification,
Vacuum Stability
Requirements of Polymeric
Materials for Spacecraft
Applications

Outgassing Test for Non-
metallic Materials
Associated with Sensitive
Optical Surfaces

Thermal Vacuum Bakeout
Specification for
Contamination-sensitive
Hardware
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3.18.1.1

3.19.1.1

3.19.1.2

3.22.7.5

3.22.7.5

3.22.7.5

3.229.1

3.229.1

3.229.2

3.22.9.2

3.22.9.2
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MSFC-SPEC-250A

NHB-8060.1C

MSFC-SPEC-522B

NMI-8010.1

MMI-8030.2
MMI-8080.5

MSFC-HDBK-527F

MSFC-STD-506C

D-R-A-F-T

Protective Finishes for
Space Vehicles, Structures,
and Associated Flight
Equipment; General
Specification

Flammability, Odor, and
Offgassing Requirements
and Test Procedures for
Materials in Environments
that Support Combustion

Design Criteria for
Controlling Stress Corrosion
Cracking

Classification of NASA
Payloads

Policy on MSFC Payloads

Policy for
Certification/Qualification
of Flight Hardware and
Program Critical Ground
Support Equipment

Materials Selection List for
Space Hardware Systems

Materials and Process
Control, Standard
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3.0 REQUIREMENTS
3.1 Mission Requirements
The LUTE shall be designed to serve as an international lunar ultraviolet
astronomical observatory. Its design shall incorporate those features required to
adequately serve the academic and scientific world by using the moon as a platform

for exploring the universe. The LUTE shall adhere to the following mission
requirements:

3.1.1 In-Flight Transportation

LUTE shall be delivered to orbit by a TBD launch vehicle, delivered to
translunar flight and injected into lunar orbit by TBD upper stage vehicle,
and delivered to the lunar surface by a TBD Lander

3.1.2 Mission Parameters
3.1.2.1 Operational Environment

The LUTE shall be designed to operate in a nominal lunar
environment and survive the induced environments incurred on a
payload during launch, flight and touchdown of the IP as described
in Section 3.19.

3.1.2.2 Lunar Site Selection Criteria

3.1.2.2.1 The landing site shall allow for minimizing
sunlight that enters the telescope aperture.

3.1.2.2.2 The landing site shall allow for minimizing
earthshine that enters the telescope aperture.

3.1.2.2.3 The landing site shall be on the near side of moon
to provide continuous earth communications.

3.1.2.2.4 The landing site shall be selected to minimize the
lunar thermal environment on the LUTE and its supporting
subsystems.

3.1.3 Landing Orientation

3.1.3.1 The LUTE systems shall accommodate a maximum deck tilt
of 14.8°,

3.1.3.2 The LUTE shall utilize its own mechanisms to provide
proper rotational orientation {about the Z axis) such that the.

3.1.3.3 The final selenographic declination of the LUTE after
landing shall be +TBD® (+65°} with an accuracy of +1°.

3.1.3.4 The final landing orientation of the LUTE shall provide for
viewing within 10° of the north Galactic pole.
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3.1.3.5 The final landing orientation shall ensure acquisition of a
statistically complete sample of both point and extended sources
which are bright in the UV.

3.1.4 Lunar Operational Life

The LUTE shall be designed to be fully operational for at least two years of
operation after landing on the lunar surface.

3.2 Operational Requirements

3.2.1 IP Configuration

The LUTE 'telerscoﬁe shall mterfacc thh theLander in accordance with the
interface requirements defined in Paragraph TBD.

3.2.2 Launch Configuration

The LUTE shall interface with TBD launch vehicle in accordance with the
interface requirements defined in Paragraph TBD.

3.2.3 Ground Operaﬁons
32.3.1 Installgﬁon and Removal

The LUTE, in conjunction with the launch site, shall provide for
checkout, servicing, maintenance, Lander and launch vehicle
integration, and verification of launch readiness. Operations shall be
compatible with K-STSM-14.1 (ATLAS/CCAFS) or TBD
(Proton/Balkanour), as appropriate.

3.2.4 Flight Operations

3.2.4.1 LUTE Operations Support Team (LOST)

All flight operations from TLI through post-landing safing shall be
under the control of the LOST.

3.2.4.2 LUTE Operations Support Center

3.2.4.2.1 The LOSC will be located in the Huntsville
Operations Support Center (HOSC) at the Marshall Space
Flight Center (MSFC).

3.2.4.2.2 The LOSC shall provide support for development,
verification, and operations irrespective of other operations
activities within the HOSC. '

32423 LOSC/LUTE requirements on the HOSC shall be
documented in MSFC-PLAN-904.
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3.2.4.3 Autonomy

The LUTE shall operate autonomously until LOI at which time the
LOST will provide checkout and verification of the LUTE systems
before allowing the LUTE to operate autonomously again. When
LUTE systems return to autonomous operation, they shall remain so
until landing.

3.2.4.4 Commanding

3.24.4.1 A multi-rate command capability shall be
implemented to optimize commanding in real time and
memory load modes and to maximize link margin for
contingency operation.

3.2.4.4.2 The LUTE shall have the capability to accept real-
time commands from the LOSC and execute them without
interfering with the execution of stored commands.

3.2.4.4.3 The LOSC shall have the capability to uplink real-
time commands to the LUTE.

3.2.4.4.4 The LOSC shall not transmit a command to the
LUTE without controlled constraint checks.

3.2.4.5 Telemetry

The LUTE shall have the capability to downlink all the data
necessary for facility control and monitoring.

3.2.4.6 Post-Landing Safing

3.2.4.6.1 The LUTE shall be capable of its required post-
landing safing and shutdown without ground intervention.

3.2.4.6.2 The LUTE shall provide a positive signal to the
LOSC verifying post-landing safing.

3.2.5 Post-landing
3.2.5.1 Safing Modes
3.2.5.1.1 Landing Safe Mode

LUTE shall be designed to enter a safe mode of
autonomous acquiescence automatically upon
landing, and to remain there until the LOSC
determines that dust cover removal and aperture door
removal operations are appropriate.

3.2.5.1.2 Operational Safe Mode

In case of post-activation contingencies, or loss of
signal, LUTE shall be capable of autonomous
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powered self-stabilization until further contact is
made from the LOSC.
3.3 Optical Systems
3.3.1 Field of View
3.3.1.1 The telescope shall be a capable of imaging a 1.4-degree-
wide field of view, with a 1.4-degree-wide unvignetted field of view
for science. '

3.3.1.2 The Telescope shall have a resolution of TBD {0.1} arcsec
or better using the Rayleigh criterion for contrast.

3.3.1.3 The Telescope shall have a full-width half-intensity diameter
of TBD {0.1} arcsec.

3.3.1.4 70% of the total energy of a stellar image shall be contained
within a radius of TBD (0.10} arcsec of the primary mirror.

3.3.2 Wavelengths

3.3.2.1 The LUTE syStéh shall produce UV imaging in a bandwidth
that extends from 1000A to 3500A in three band passes 800A in
width (exact limits TBD).

3322 IITTEsTﬁIIhave an on-axis static wavefront error of no
more than TBDA {0.075A (A=6328A)} rms under lunar operation
condidons.

33.3 Sensitivity

The LUTE point source sensitivity for a Class BO star at 15004 shall be
greater than or equal to 25 my (after correction for reddening) with a signal
to noise ratio of TBD {10}, and a resolution of at least TBD {0.33} arcsec
per pixel.

3.3.4 Stray light

3.3.4.1. The LUTE design shall attenuate stray light such that the
straylight irradiance at the focal plane is less than the irradiance of
the image of a region of sky having the radiance of a TBD {23} my
star per arcsec.

3.3.4.2. The LUTE shall have a light shade configuration which is
capable of avoiding stray light from sunshine, lunar surface
reflection and the bright earth limb, and fits within the TBD launch
vehicle payload shroud.
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3.4 Electrical Power System
3.4.1 Power Usage

The LUTE power system shall provide TBD watts { 100W}
maximum power to the IP subsystems.

3.4.2 Continuous Operation

The LUTE power system shall be furnished continuously for the life
of the LUTE mission.

3.4.3 EPS Interfaces

The EPS shall interface with TBD IP subsystems.
3.4.4 Wire Protection

TBD
3.4.5 Electrical Grounding

The EPS shall have access to a single-point ground.

3.5 Reserved
3.6 Ground Support Equipment (GSE)
GSE shall be in accordance with MSFC-SPEC-1548.
3.6.1. Mechanical Ground Support Equipment (MGSE)
3.6.1.1 The LUTE MGSE shall include all equipment required to
support subsystem and system verification, assembly, integration,
and transportation, and launch support.

3.6.2 Electrical Ground Support Equipment

3.6.2.1 System EGSE, hardware and software, shall be provided to
enable system level pre-launch checkout of the LUTE and the IP.

3.6.3 Ground Support Software
TBD
3.6.4 Servicing

TBD
3.7 Propulsion

N/A
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3.8 Thermal Control System TCS
3.8.2 Optical Temperature/Gradient Requirements

3.8.2.1 The TCS shall maintain the following operating temperature
range and gradient for the optical system:

Minimum Temperature: 65° K
Maximum Temperature: 250° K
Maximum Gradient: TBD (°K/cm)

3.8.2.2 The TCS shall be capable of rejecting TBD Watts and
adding TBD Watts to stabilize the temperature of the optical system.

3.8.2.3 The TCS shall prevent thermal distortions in the LUTE
structural support systems from interfering with the LUTE optics.

3.8.3 Detector Temperature Requirements

3.8.3.1 The TCS shall maintain the following operating temperature
range and gradient for the detector system:

Minimum Temperature: 77° K
Maximum Temperature: 210° K
Maximum Gradient: TBD (°K/cm)

3.8.3.2 The TCS shall be capable of rejecting TBD Watts from the
detector during the Lunar day.

3.8.3.3 Heating for detectors shall not be required at night.
3.8.4 Electronics Temperature Requirements

3.8.4.1 The TCS shall maintain the following operating temperature
range and gradient for th;jclectrical system:

Minimum Temperature: 220° K

Maximum Temperature: 358° K

Maximum Gradient: TBD (°K/cm)

3.8.4.2 The TCS shall be capable of rejecting TBD Watts from the
electronics box during the Lunar day.

3.8.5 Mechanisms
LUTE mechanisms shall be designed to minimize the need for active
thermal conditioning, and thermal conditioning shall be provided to
the LUTE mechanisms where necessary.

3.9 Thermal Protection System
TBD
266
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3.10 Communications and Tracking System (C&TS)
3.10.1 Functional Requirement
The C&TS shall provide the capability to transmit engineering and
scientific data, receive and demodulate commands, and provide
tracking.
3.10.2 DSN Compatibility

The C&TS shall be compatible with the DSN per DSN TBD (810-
5).

3.10.3 Uplink and Downlink Transmission

3.10.3.1 All uplink and downlink data transmission to and from
LUTE shall be via the Deep Space Network (DSN).

3.10.3.2 The LUTE shall be capable of continuous uplink and
downlink transmission.

3.10.4 High Gain Antenna (HGA)
3.10.4.1 HGA shall have an unobstructed view of earth.
3.10.4.2 The HGA shall have pointing capability for tracking the
earth so as to provide maximum signal to the ground receiving
station.

3.10.4.3 The HGA shall be capable of providing coverage via DSN
to accommodate command, monitoring, and engineering data.

3.10.5 Data Transmission
3.10.5.1 RF Link Margins
TBD
3.10.5.3 Bit Error Rates (BER)

Data transmitted (sensor to user) shall have no more than one
error in TBD bits.

3.11 Data Management System
3.11.1 Functional Requirements

The DMS shall perform command processing for the Lander subsystems,
provide the required storage for data and commands, provide the central
timing, and provide computation support for all Lander subsystems.
3.11.2 Timing and Clock Frequencies

3.11.2.1 The LUTE shall provide time in Universal Time
Coordinated (UTC) format and required clock frequencies at
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constant frequency with a resolution of one microsecond and a
stability of TBD Hz in 24 hours.

3.11.2.2 The time in UTC format shall be relatable to UTC within
TBD milliseconds.

Science and Engineering Data

The LUTE shall be capable of simultaneous and separate
transmission of science and engineering data.

Data Transmission Rates

3.11.4.1 The LUTE shall be capable of transmitting uncompressed
data at a rate of 200 kbits/s utilizing data reduction and data stitching
at the landing site.

3.11.4.2 The LUTE data transmission system shall provide an RF
signal of TBD watts so as to provide sufficient link margins for the
transmitted data signal.

3.11.4.3 The data system shall operate continuously.

3.11.4.4 Bit Error Rates (BER)

Data transmitted (sensor to user) shall have no more than one
error in TBD bits.

Command Capability

3.11.5.1 Command Optimization

Commanding shall be optimized the link margin maximized for
contingency operation in the real time and memory load modes by
implementing a multi-rate command capability.

3.11.5.2 Command Storage

The LUTE shall have the capability for onboard command storage of
TBD thousand words.

3.11.5.3 Command Error

The onboard data management system shall allow for no more than
one erroneous command in TBD commands to go undetected.

3.11.54 Commz_md Conﬁrmation 7

The LUTE shall have the capability to verify command reception
and engineering data transmission during all phases of its mission.

3.11.6 Data Processing :

The DMS shall contain a digital computer(s) for data processing.
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Computer(s) Reloading

The DMS digital computers shall have the capability to reload or patch the
computer(s) software upon ground command.

3.11.8 Error Detection and Correction

TBD

3.12 Software

3.12.1

3.122

3.123

Software Management

The management and development of the Lander flight software and
supporting computer software shall be included in the LUTE Lunar
Lander Software Management Plan, using MM 8075.1 as a
guideline.

Preflight Test Software

TBD

Flight Software Design Parameters

TBD

3.13 Mechanism and Pointing Control Systems

3.13.1

3.13.2

High Gain Antenna

3.13.1.1 A gimbal capability of £11° half cone angle shall be
provided for the HGA with a tracking accuracy of TBD® in order to
keep the LUTE in constant contact with the LOSC.

3.13.1.2 The mean pointing direction of the antenna shall be due
South and 50° above Lunar horizontal with a £180° azimuth range
and a pointing accuracy of *1°.

3.13.1.3 The HGA elevation range shall be approximately £14.8° to
accommodate an unfavorable deck tilt angle of the lander, with a
pointing accuracy of £1°.

Focal Plane Array

3.13.2.1 The focal plane array shall have the capability to roll in an
east-west direction with an azimuth range capability of £180° and a
pointing accuracy of £14.6 arcsec.

3.13.2.2 The focal plane array shall have the capability to point

toward the zenith with a range of £14.8° and a pointing accuracy of
+5 arcmin.

15
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3.13.3 Optical Assembly
3.13.3.1 The optical assembly shall point to 40° above the south
Lunar horizon with a pointing accuracy of 15 arcsec and the ability
to compensate for a deck tilt up to 14.8°.

3.13.4 Light shade
3.13.4.1 The light shade positioning mechanism shall have the
capability to position the high side of the light shade due south with
a +£180° range of movement and a positioning accuracy of +1°.
3.13.4.2 The light shade positioning mechanism shall have the
capability to point the light shade in the zenith direction by
aﬁiommodaﬁng a maximum deck tilt of 14.8°, with an accuracy of
*1°

3.13.5 Spider assembly
TBD

3.13.6 Steerable Secondary Mirror

TBD

3.14 Physical Standards

3.14.1 Coordinate System

The LUTE coordinate system shall be in accordance with NASA
TM-X-73343, as shown in Figure 1-2, page 3 of this document.

3.14.2 Envelopes/Dimensions

The IP shall reside within the TBD usable static envelope provided
by the TBD launch vehicle payload shroud.

3.14.3 Mass Requirements

The total mass of LUTE including interface hardware shall not
exceed TBD {305}kg.

3.14.4 NASA Standard Components °

The LUTE shall incorporate, NASA standard and other proven or
qualified parts or components.

3.14.5 Measurement Unit System
International System (SI) units shall be used. Expression in both SI
and US Customary Units is acceptable where the use of SI units
alone would obviously impair communication or reduce the

usefulness of a report to the primary recipients. When both systems
of units are used, the units used for the principal measurements and

16

I 2

L T TRNTRNRRTE TR L T T TR



D-R-A-F-T MSFC-RQMT-XXXX
9/3/93

calculations will be stated first, followed by the other system in
parentheses.

3.14.6 Factors of Safety
TBD

3.14.7 Fatigue
TBD

3.15 Reliability Requirements
3.15.1 Single Point Failure

Single point failures that would cause permanent loss of command
capability, engineering telemetry or scientific data shall be
individually dispositioned.

3.16 Maintainability Requirements
3.16.1 Fracture Control Program

Fracture control program will follow MSFC-HDBK-1453 where
appropriate (TBD).

3.17 Quality Assurance Requirements
TBD

3.18 Safety and Mission Assurance Requirements
3.18.1 S&MA Plan

A S&MA Plan, MSFC-PLAN-TBD, shall be prepared, maintained, and
implemented for the LUTE program. The plan shall describe the
organization and method of implementation of the S&MA program for the
Lander design, development, production, test, and flight with respect to
safety, reliability, and quality assurance requirements.

3.18.2 Launch Vehicle Mission Assurance

3.18.2.1 The safety and mission assurance for the LUTE will meet
the requirements of NHB 5300.4(1D-2) and NHB 5300.4(1C) as
appropriate, per the LUTE payload classifications on specific
materials, parts, components and services (TBD).

3.18.2.2 No hazard associated with the LUTE or its deployment
procedures shall prevent the safe execution of the launch vehicle
mission.

17
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3.18.3 Ordnance Devices
Ordnance devices shall not be used on the LUTE.

3.18.4 Range Safety
The LUTE shall not preclude the launch vehicle from properly
executing a launch vehicle mission abort sequence should one be
considered necessary.

3.19 Environment Requirements

3.19.1 Natural Environment

3.19.1.1 General Requirement

The LUTE design shall comply with the natural environment
specified in NASA TM-TBD.

3.19.1.2 Meteoroid, Orbital, and Lunar Debris Impact

The LUTE shall prowdé protection against loss of functional
capgblh(t)ycwhen subjcctcd to the debris flux models as defined in
-D )

3.19.1.3 Radiation/Nuclear Radiation
TBD
3.19.1.4 Thermal

3.19.1.4.1 The LUTE shall be capable of withstanding the
following temperature extremes:

Earth Orbit
Minimum: TBD° K
‘Maximum: TBD° K

Translunar Flight
Minimum: TBD
Maximum: 70°K

Lunar Surface Temperature
Minimum: 93°K
Maximum: 395° K
3.19.1.4.2 The LUTE shall demonstrate survivability in
simulated environments representing each phase of its

mission life before integration with the Lander system. (i.e.,
Thermal-Vacuum test, vibrations test, etc.)

18
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3.19.2 Induced Environments

3.19.2.1 Provisions shall be made to preclude over pressurization
damage to any part of the LUTE during the in-flight segment.

3.19.2.2 The LUTE shall be capable of being rotated at TBD
revolutions per minute (rpm) for TBD days during translunar flight
in order to avoid overheating of the LUTE systems and elements.

3.19.2.3 Launch Vehicle Induced loads
3.19.2.3.1 Acoustics

The LUTE shall be designed to assure structural integrity and
functionality upon exposure to the maximum acoustic levels
within the launch vehicle payload shrouds.

3.19.2.3.2 Random Vibration

The LUTE shall be designed to withstand the random
vibration environments during lift-off and transonic flight.

3.19.2.3.3 Shock

The LUTE shall be designed for the shock levels generated
by the facility and launch vehicle separation devices. The
shock levels at the separation interface shall be attenuated
throughout the structure to component/sub-assembly
locations.

3.19.2.3.4 Low Frequency and Steady State Accelerations

The LUTE shall be designed to withstand the low frequency
and stead-state acceleration environments that occur during
the launch, ascent, and on-orbit flight elements.

3.19.2.3.5

LUTE system shall accommodate the following quasi-static
loads induced by the launch vehicle: TBD {6.5 g's axially
and 3.5 g's laterally}. Frequency constraints are TBD.

3.19.2.4 Lander Induced Loads

3.19.2.4.1 The LUTE system and interface hardware shall
accommodate the following loads induced by the lander:
TBD. Frequency constraints are TBD.

3.19.2.4.2 The LUTE system shall accommodate a
maximum powered descent thrust equal to TBD {3914N at
-15° pitch and a touchdown thrust of 979N at 90° pitch}.

273
19



D-R-A-F-T MSFC-RQMT-XXXX
9/3/93

3.19.3 Contamination

3.19.3.1 The LUTE shall be maintained in a class TBD environment
during and following assembly.

3.19.3.2 All LUTE elements involved shall be maintained in a 10K
clean environment when optics are exposed.

3.19.4 Magnetic
TBD

3.20 Transportability/Transportation Requirements
3.20.1 Shipping Container Design

The LUTE shall be shipped in a container specifically designed to
protect the LUTE during surface and air transportation.

3.20.2 Transportation Envimnfncnt '
The LUTE transportation container shall maintain an environment
that meets cleanliness specifications for ground processing as
outlined in section 3.17 of this document.

3.20.3 Prime Mode of Transportation

The prime mode of transportation of the LUTE between ground sites
shall be by TBD mode of transportation.

3.21 Storage Requirements
3.21.1 Storage Cleanliness

3.21.1.1 The LUTE shall bé'sto::rcd%in a class 100K environment
during idle periods after assembly and lander vehicle integration.

3.21.2 Shelf Llfe

3. 21 2.1 The LUTE shall be capablc of nommal operations after
TBD years of idle storage.

3.21.3 On-pad Stay Time
TBD
3.22 Design and Construction Requirements
3.22.1 Main Optics Systcm -

3.22.1.1 The LUTE shall be a w1de field, three mirror, aplanatic
ultraviolet telescope with a nominal 1.0 meter aperture.
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3.22.1.2 Mirror deformation shall be less than TBD (0.1} microns
without actuators.

3.22.1.3 The primary, secondary and tertiary mirrors shall be
aluminized with a TBD (silicon} polishable overcoat.

3.22.1.4 The primary, secondary and tertiary mirror blanks shall be
constructed of TBD material { Chemical Vapor Deposition (CVD)
Silicon Carbide}.

3.22.1.5 The back focal length shall be TBD {300} cm.

3.22.1.6 Optical axis shall be aligned within TBD arcmin of the pre-
planned pointing delineation.

3.22.1.6.1 Primary Mirror

TBD

3.22.1.6.2 Secondary Mirror
3.22.1.6.2.1 The secondary mirror shall be
articulated by hexapod actuators for piston, tilt and
lateral displacement.
3.22.1.6.2.2 The secondary mirror shall have an
outer diameter (OD) of 38 cm, and an inner diameter
(ID) of 15 cm.

3.22.1.6.3 Tertiary Mirror

The tertiary mirror shall have a 28 cm OD (ID =0 cm.)

3.22.1.6.4 Detector

3.22.1.6.4.1 Detectors shall have fine East-West
alignment with TBD arcsec resolution.

3.22.1.6.4.2 The detector shall be a CCD array.

3.22.1.6.4.3 The detector array shall be constructed
of 5-7.5mm pixels (typical).

3.22.1.6.5 Wavefront Sensor
TBD
3.22.2 Structural Support Assembly

The LUTE structure subsystem shall provide the structure to mount
all associated components and the optical assembly.

3.22.2.1 Base Plate
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3.22.2.1.1 The base plate shall provide support for the
entire optical assembly and light shade.

3.22.2.1.2  The base plate shall interface with the roll ring
and hexapod mounts.

3.22.2.13 The base plate rate of thermal expansion shall
be compatible with that of the optical systems.

3.22.2.2 Metering Structure

The metering structure supports the secondary mirror and science
instrument.

3.222.2.1 The metering structure shall maintain the back
focal length (the distance between the optics) to within fTBD
microns.

3.222.22  The metering structure shall minimize
conductive heat transfer to the optics and minimize light
blockage. 7

3.22.2.2.1 Spider

TBD

3.22.2.2.2 Inner Hub Ring

TBD

3.22.2.2.3 Outer Ring

TBD

3.22.2.3 Secondary Mirror Assembly

3.22.2.3.1 Housing
TBD

3.22.2.3.2 Reaction Plate
TBD

3.22.2.3.3 Launch Locks
TBD

3.22.2.4 Optics Support Structure

3.2224.1 Flexures
TBD
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3.22.24.2 Launch Locks
TBD
3.22.2.5 Baffles
TBD
3.22.2.6 Antenna Assembly
TBD

3.22.2.7 Light Shade
3.22.2.7.1 The light shade shall be capable of supporting
multi-layer insulation, an aperture cover and the electronics
box.
322272 Light shade angle and length shall be
determined according to landing site as shown in Figure
TBD.
3.222.73 Orientation of the light shade (highside) shall
be due South.

3.22.2.8 Electronics Support

TBD
Thermal Control System

3.22.3.1 Optical System
3.223.1.1 Heat Pipes
TBD
3.22.3.1.2 Thermal Isolators (for mirrors)
TBD
3.22.3.2 Detector
3.22.3.2.1 Radiator
TBD
3.223.2.2 Heat Transfer Device
TBD
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Thermal Shield

LUTE thermal protection shall be passive to the
maximum extent possible.

3.22.3.3 Supporting Subsystems

32233.1
TBD
322332
TBD
322333
TBD
322334
TBD
322335

Radiator

Louvres/Door

Insulation

Coatings

Heaters

3.22.3.4 Light Shade

3.22.34.1
TBD
3.2234.2
TBD

Insulation

Coating

3.22.4 Pointing Control System

3.22.4.1 Hexapod Mount

3.224.1.1
TBD

3.224.12
Nuts

TBD
3.224.1.3
TBD

278

Rotary Incremental Actuators

Encoders, Potentiometers, Ball Screws and

Guide Tubes
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3224.14 Harmonic Drives
TBD
3.224.15 End Joints
TBD
3.22.4.2 Light Shade & Antenna Roll Assembly
3.224.2.1 Rolling
TBD
322422 Motor
TBD
322423 Cables
TBD
3.22.4.3 Articulating Secondary Mirror
3.224.3.1 Course & Fine Stroke Actuators
TBD
3.224.3.2 Drive Electronics
TBD
32244 Acquisition Sensors
3.224.4.1 Sensors
TBD
3.2244.2 Electronics
TBD
3.224.5 Deformable Primary Mirror (optional)
TBD
3.22.5 Telescope Protection System
3.225.1 Aperture Cover
3.22.5.1.1 Deployment Mechanism
TBD
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3.225.1.2  Launch Locks
TBD
3.225.13 Seals
TBD
3.22.5.2 Telescope Safing

The LUTE structure subsystem shall provide an aperture door
system to satisfy contamination protection requirements.

3.22.6 Data Management System

3.22.6.1 Transponder

TBD

3.22.6.2 Command Detector
TBD

3.22.6.3 Diplexer

TBD

3.22.6.4 Central Data Unit
TBD o

3.22.6.5 Central Computer

3.22.6.51 The LUTE shall provide the capability to
restore memory data in the onboard computer.

3.22.6.52 The LUTE shall provide the capability to
dump the onboard computer memory to ground support.

3.22.6.6 Aﬁtenna Drive Electronics
TBD

3.22.6.7 Power Distributor

TBD

322.6.8 Cabling

TBD

3.22.6.9 High Gain Antenna

TBD
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3.22.6.10 Omni Antenna

TBD

Power Distribution System

3.22.7.1 Radio-isotope Thermoelectric Generator

LUTE electrical power requirements shall be met by Radio-
isotope Thermal Generator (RTG) battery.

3.22.7.2 Battery (optional)
The LUTE electrical power system shall be accompanied by
a small primary battery for start up.

3.22.7.3 Power Distributor

TBD

3.22.7.4 Power Regulator

Electrical/electronic processes shall be controlled per the
requirements of NHB 5300.4(3A-2, 3G, 3H, and 3J).

3.22.7.5 Cabling

Electrical/electronic design and parts shall meet the
requirements of NHB 5300.4(1F, 31, and 3K).

3.22.7.51 All deployable appendages shall have redundant
systems which will insure proper deployment upon lunar
landing.

3.22.7.6 LUTE to TBD Lunar Lander Interface

3.22.7.61 LUTE shall utilize mechanical interface consisting
of TBD discrete hardpoints as defined in TBD lunar lander
Document XXXX. The TBD lunar lander/LUTE interface
will be located at launch vehicle station TBD.

3.22.8 Weight Allocation

Program
(kg)Est.
{ Optical System
Primary Mirror 12
Secondary Mirror 4
Tertiary Mirror 2
Detector S
| Structural Support Assembly
Metering Structure 23
Mirror Support Structure 4
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Telescope Baseplate 44
Light Shade 42
Light Baffles 14
Miscellaneous Hardware 6
| Telescope Protection System
Aperture Cover 10
Electronic Box Support 8
Launch Locks 4
{ Supporting Subsystems
Power System Attachment TBD
Antenna Bracket , TBD
Pointing System 36
Electrical Power System 24
ommand & Data Handling 37
Thermal Control System 26
ontingency (10%) l 30
Total | 330

3.22.9 Materials Construction

3.22.9.1 Materials and Processes

Materials and processes used in the construction of the LUTE shall
meet the requirements of MSFC-STD-506C. The materials selection
list, MSFC-HDBK-527F, or the MAPTIS Database shall be used

during design.

3.22.9.2 Outgassing of Materials

All materials used in 7the construction of the LUTE shall meet the
thermal vacuum stability requirements of JSC-SP-R-0022A and

MSFC-SPEC-1443. Cables, connectors, and other equipment shall
be baked out per MSFC-SPEC-1238.

3.22.9.3 Castings

Castings shall not be used in the LUTE design without specific
MSFC approval.

3.22.9.4 Corrosion of Metal Parts

Metal parts shall be protected from corrosion in accordance with
MSFC-SPEC-250, provided that such protection is compatible with
the operating and space environmental requirements.

3.22.9.5 Dissimilar Metals

The use of dissimilar metals (as defined in MSFC-SPEC-250) in

direct contact is discouraged. When dissimilar metals are required to
be joined, their facing surfaces shall be adequately insulated,
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preferably by an approved sealing compound, to assure protection
from electrolytic corrosion.

3.22.9.6 Finish

The LUTE finish shall be in accordance with MSFC-SPEC-250A
except for special thermal and baffle finishes.

3.22.9.7 Flammability

All nonmetallic materials used in construction of the LUTE shall
meet the flammability requirements of NHB-8060.1.

3.22.9.8 Corrosion Resistant Metals

Metals in contact with fluid media shall be corrosion resistant and
shall be compatible with the media to which they are exposed. Use
of metals and their weldments subject to embrittlement at low
temperatures shall be avoided in all cryogenic applications.
3.22.9.9 Stress Corrosion

MSFC-SPEC-522B shall be used as a requirement for stress
corrosion susceptibility of various materials.

3.22.10 Ground Support Equipment Design
3.22.10.1 Electrical Ground Support
TBD
3.22.10.2 Mechanical Ground Support
TBD

3.23 Interface Requirements
3.23.1 Telescope to Science Instrument
The Telescope to Science Instrument interface shall be in accordance
with the Telescope to Science Instrument Interface Control
Document (ICD).
3.23.2 LUTE to Lander

The LUTE to Lander interface shall be in accordance with the LUTE
to Lander ICD.

3.23.3 Telescope to Mirror Assembly

The Telescope to Mirror Assembly interface shall be in accordance
with the Telescope to Mirror Assembly ICD.
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3.23.4 LUTE to Ground Systems

The LUTE to Ground Systems interface shall be in accordance with
the LUTE to Ground Systems ICD.

4.0 VERIFICATION
4.1 General

TBD

4.2 Verification Types

TBD

4.3 Verification Requirements Matrix

TBD

4.4 Verification Facilities and Equipment

TBD

4.5 Spacecraft Hardware Requirements

4.5.1 Payload Classifications
LUTE shall use liberalized payload classifications based upon use of proven

flight design, parts, and materials with applicable testing, as required in the
following documents:

NMI 8010.1
MMI 8030.2
MMI 8080.5
4.5.2 Previously Flown Hardware

LUTE shall reuse previously flown hardware which has been refurbished
and tested as required.

4.5.3 Controlled Prototype Hardware
LUTE shall make use of controlled prototype hardware as flight hardware
by manufacturing to baselined engineering requirements with quality

verifications which have not subjected the hardware to structural or life-
limiting environments exceeding program flight requirements.
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4.5.4 Off-the-shelf Parts
LUTE shall make use of "off-the-shelf" parts, materials and components

qualified for flight use, per the information contained in the following
documents:

MSFC-HDBK-527F
MSFC-STD-506C
5.0 PREPARATION FOR DELIVERY
3.1 Preparation, Packaging and Shipment
6.0 NOTES
TBD
7.0 APPENDIX -- A Verification Matrix
TBD
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LEVEL II SYSTEMS REQUIREMENTS FOR THE
LUTE LUNAR LANDER PROJECT

1.0 INTRODUCTION

1.1 Purpose

The purpose of this document is to define the Level II design and development
requirements for the LUTE Lunar Lander project. The performance requirements
outlined in this document represent the minimum performance levels of the
Lander to be used in carrying out the requirements of the LUTE program
throughout its mission life.

1.2 Scope

This document establishes the project requirements for all elements of the LUTE
Lunar Lander and shall comply with the LUTE Level I Program Requirement
Document. S :

1.3 Document Format

The Level II Systems Requirements Document (SRD) is organized in a standard
format of five sections as described below.

F Section Number Title Content |

1.0 Introduction Defines the purpose and
scope of the document and
includes a description of the

Lunar Lander project.

20 Applicable Documents Lists the applicable
documents cited in Section
3.0.

3.0 Requirements Defines the functional and

performance requirements
imposed upon the Lunar

Lander design.
4.0 Verification Defines the venfication of
, - Section 3.0 requirements.
5.0 Preparation for delivery Instructions for preparation
packaging and shipment.
6.0 Notes
7.0 Appendix

1.4 Project Description

The purpose of the LUTE program is to take advantage of the unique aspects of
the lunar environment for astronomy observations in the ultraviolet wavelengths,
collect environmental data to support the design of future lunar equipment, and to
provide a source of educational material for wide distribution to primary and
secondary educational systems both for the United States and the international
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community. The LUTE Lander shall both transport the LUTE telescope to the
lunar surface and provide accommodations for the operation of the Telescope

1.5 Control

This document shall be controlled at Level II by the MSFC Advanced Projects
Office, Lunar Ultraviolet Telescope Experiment Task Team, PF21. For further
reference regarding documentation flow, refer to Figure 1-1 below.

Figure 1-1 LUTE Systems Requirements Documentation Tree

LUTE Level I
Systems Requirements Document

v

v

LUTE Level II
Telescope Systems

Requirements Document Requirements Document

LUTE Level I1
Lander Systems

v

( Support Plans

k Interface Documentation

L

Specifications

k Drawings
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Figure 1-2 represents the latest design reference configuration for the LUTE and

Lander coordinate system.

Figure 1-2: LUTE Configuration Reference Coordinates
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Figure 1-3 represents the latest reference configuration for the LUTE Lunar
Lander subsystem configuration

Figure 1-3 Integrated Payload Reference Configuration

Reference Configuration TBD

1.7 Definition of Terms
Deck Tilt - The angle at which the deck of the Lander is tilted away from the

local horizontal plane. This angle must be stated in conjunction with the © angle.

Viewing Declination - For a certain 0 angle, the viewing declination angle is
equal to the latitude minus Deck tilt angle minus the tilt of the optical assembly.

Integrated Payload(IP) - This term is used to refer to the integrated LUTE
telescope and the Lunar Lander as one package.

Lander - Refers to the LUTE Lunar Lander.

2.0 APPLICABLE DOCUMENTS

The following documents form a part of these requirements to the extent specified
herein. In the even of conflict between documents referenced below and other
project documentation, the requirements specified herein shall govern.

DOCUMENT NO. TITLE PARA. NO.

K-STSM-14.1 Launch Site Accomodations 3.23.1
Handbook for Payloads

MSFC-PLAN-904 OCC/LOSC Functional 3.2423
Requirements on the HOSC

MSFC-SPEC-1548 GSE Requirements for 35
MSFC STS Experiments

DSN-TBD LUTE/Lander Compatibility 3.9.2
with DSN
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DOC-TBD

NASA TM-X-73343
MSFC-HDBK-1453
MSFC-PLAN-TBD

NHB 5300.4(1D-2)

NHB 5300.4(1C)

NASA-TM-TBD

NASA-T BD-DOC

NMI-8010.1

- MMI-8030.2
MMI-8080.5

MSFC-HDBK-527F

MSFC-STD-506C

D-R-A-F-T

IP Software Management
Plan

TBD
Fracture Control Handbook

Safety and Mission
Assurance Plan for the
Lunar Telescope

Safety, Reliability,
Maintainability and Quality
Provisions for the Space
Shuttle program

Inspections Systems
Provisions for Aeronautical
and Space System Materials,
Parts, Components and
Services

Natural Environment Design
Specifications for the Lunar
Telescope

Meteoroid, Orbital and
Lunar Debris Design
Specifications for the Lunar
Telescope

Classification of NASA
Payloads

Policy on MSFC Payloads

Policy for
Certification/Qualification
of Flight Hardware and
Program Critical Ground
Support Equipment

Materials Selection List for
Space Hardware Systems

Materials and Process
Control, Standard

OTHERS: To Be Determined (TBD)
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3.11.1

3.14.1
3.16.1
3.18.1

3.18.2.1

3.18.2.1

3.19.1.1

3.19.1.2

4.5.1

4.5.1
4.5.1

454

454

[l L T



D-R-A-F-T MSFC-RQMT-XXXX
9/3/93

3.0 REQUIREMENTS
3.1 Mission Requirements
The Lander mission requirements are to deliver to the lunar surface from Trans
Lunar Injection the LUTE telescope without disrupting the operability of the
LUTE telescope systems. The Lander must also provide throughout the required
operation time a stable platform for the LUTE telescope and certain other
spacecraft accommodations as required below.
3.1.1 Trans-Lunar Injection (TLI)

3.1.1.1 Control

The Lander shall not provide the delta-V burn required for TLI

however it shall automatically make midcourse corrections to set

up for proper Lunar Orbit Insertion.

3.1.1.2 Attitude

The Lander shall maintain a rotational rate at TBD revolutions per

minute (rpm) for TBD hours during TLI. This requirement shall
be accordance with the Telescope thermal requirements.

3.1.2 Lunar Orbit Insertion (LOI)
3.1.2.1 Lunar Circular Orbit Requirements
3.1.2.1.1 The Lander shall insert itself into a circular orbit
(eccentricity less than TBD) at an altitude above the lunar
surface of TBD (100 km).
3.1.2.1.2 The circular orbit chosen shall provide for a

nominal descent to the lunar site selected by the LUTE
TBD.

3.1.2.2 Control
The Lander shall automatically make midcourse corrections and
insert the payload into the required lunar circular orbit at which

time it will wait for a command from the LOT to proceed with
descent.

3.1.2.3 Lunar Circular Orbit Verification of Subsystems

TBD

3.1.3 Lunar Descent

3.1.3.1 Control

Upon receiving the go ahead command from the LOT the Lander
shall perform a descent to the specified lunar site.
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3.1.3.2 Attitude
TBD

3.1.4 Lunar Landing

The Lander shall provide a controlled landing according to the
requirements listed below ~ .

3.1.4.1 The Lander shall limit descent and landing loads to TBD.

3.1.4.2 The Lander shall touchdown on the lunar surface within 3
km of the specified landing site.

3.1.4.3 The Lander shall accommodate for the final selenographic
declination of +TBD® {+65°} with an accuracy of +1° for LUTE

after landing.

3.1.4.4 The final touchdown shall not result in a deck tilt of more
than TBD degrees.

3.1.4.5 The Lander shail be capable of landing under daylight.

3.1.4.6 Upon landing the Lander shall provide its location and
orientation to the LOSC.

3.1.5 Post Landing Safing, Shutdown and Mission Operations
3.1.5.1 System Safing and Shutdown Requirements

TBD dayS rerif't;tr rléinding, thc Léﬁder, from that point on, shall not
adversely affect the operation of the LUTE.

3;1.5.2 Post Landing MissiQn;:chuircmcnts
3.1.5.2.1 LUTE Accommodations Requirements
TBD ”
3.1.6 Operational Environment
Thé-I-;élndér shall be desigr;cd tb operate in a nominal lunar

environment and the induced environments during launch, flight
and touchdown of the Lander as described in Section 3.19.

3.1.7 Lunar Operational Life

Upon landing on the lunar surface, Lander systems required for
LUTE operation shall have a 2-year fully operational life, with
operations continuing after the 2 years as capabilities allow.
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3.2. Operational Requirements
3.2.1 TP Configuration

The Lander shall interface with the LUTE telescope in accordance
with the interface requirements defined in Paragraph TBD.

3.2.2 Launch Configuration

The Lander shall interface with TBD launch vehicle in accordance
with the interface requirements defined in Paragraphs 3.14.2 and
3.23.1.

3.2.3 Ground Operations
3.2.3.1 Installation and Removal

The Lander, in conjunction with the launch site, shall provide for
checkout, servicing, maintenance, LUTE and launch vehicle
integration, and verification of launch readiness. Operations shall
be compatible with K-STSM-14.1 (ATLAS/CCAFS) or TBD
(Proton/Balkanour), as appropriate.

3.2.4 Flight Operations
3.2.4.1 Lander Operations Team (LOT)

All flight operations from TLI through post-landing safing shall be
under the control of the LOT.

3.2.4.2 LUTE Operations Support Center

3.2.4.2.1 The Lander Operations Team (LOT) shall
conduct flight operations from the LUTE Operations
Support Center (LOSC), located in the Huntsville
Operations Support Center (HOSC) at the Marshall Space
Flight Center (MSFC).

3.2.4.2.2 The LOSC shall function within the guidelines
established for the HOSC. The LOSC shall provide
support for development, verification, and operations
irrespective of other operations activities within the HOSC.

3.2.4.2.3 LOSC/LUTE requirements on the HOSC shall be
documented in MSFC-PLAN-904.

3.2.4.3 Autonomy

The Lander shall nominally operate autonomously until LOI at
which time the LOT will provide checkout and verification of the
Lander systems before giving control back to the Lander systems.
Upon Lander receiving control in lunar orbit, it will again operate
autonomously until landing.
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3.2.44 Commanding

3.2.4.4.1 All commanding of the Lander shall be
performed from the LOSC.

32442 A muifii}éié command capability shall be
implemented to optimize commanding in real time and
memory load modes and to maximize link margin for
contingence operation.

3.2.4.4.3 The Lander shall have the capability to accept

real-time commands from the LOSC and execute them
without interfering with the execution of stored commands.

3.2.45 Telemetry

The Lander shall have the capability to downlink all the data
necessary for facility control and monitoring.

3.2.4.6 Post-Landing Safing
3.2.4.6.1 The Lander shall be capable of performing the
post-landing safing and shutdown without the need of
ground intervention.

32.4.6.2 The Lander shall pfovide a positive signal to the
LOSC verifying post-landing safing.

3.3 Electrical and Power System (EPS)
33. PowerRequirements

The Lander shall provide power for the LUTE operations. The LUTE will
operate on the lunar day and night cycle for 2 years.

©3.3.2 EPS Interfaces

The EPS interfaces with TBD LUTE subsystems.

3.3.3 Wire Protection

TBD

3.3.4 Electrical Grounding

The Lander shall provide LUTE with single-point ground.
3.4 A'i-rE—c;)ﬁié' Support Equipment N

TBD
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3.5 Ground Support Equipment (GSE)
Lander GSE shall be in accordance with MSFC-SPEC-1548.
3.5.1 Mechanical Ground Support Equipment (MGSE)
3.5.1.1. The Lander MGSE shall include all equipment required to
support subsystem and system verification, assembly, integration,
and transportation, and launch support.

3.5.2 Electrical Ground Support Equipment (EGSE)

3.5.2.1. System EGSE, hardware and software, shall be provided
to enable system level pre-launch checkout of the Lander and the
IP.

3.5.3 Ground Support Software
TBD

3.5.4 Servicing
TBD
3.6 Propulsion Performance
3.6.1 Main Propulsion System (MPS)
3.6.1.1. Functional Requirement

The MPS shall provide the required thrust for LOI, lunar descent,
and landing.

3.6.1.2. Propellant Requirements

The MPS shall provide the propellant necessary to perform the
velocity change maneuvers required by the mission.

3.6.1.3. Propellant Quality
TBD

3.6.2 Reaction Control System (RCS)
3.6.2.1. Functional Requirement

The RCS shall generate the required control torques to achieve and
maintain vehicle attitudes during TLI, LOI, and landing.
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3.6.2.2. Propellant Requirements

The RCS shall provide the propellant necessary to perform the
maneuvers in paragraph 3.6.2.1.

3.6.2.3. Propellant Quality
TBD

3.7 Thermal Control System

The TCS shall maintain all Lander system and component temperatures
within the specified limits during all mission phases. The thermal design
shall be based on worst case mission parameters of attitude, altitude, beta
angle, and heat rates. The design shall also be based on worst case
estimates of interface conductance, multilayer insulation (MLI)
performance, power configuration, and mission timeline. Passive thermal
control shall be used.

3.8 Thermal Protection System

TBD

3.9 Communications and Tracking System (C&TS)

3.9.1 Functional Requirement

The Lander C&TS shall 'providc the capability to transmit engineering and
scientific data, receive and demodulate commands, and provide tracking.

3.9.2 DSN Compatibility
The C&TS shall be compatible with the DSN per DSN TBD (810-5}.
3.9.3 Uplink and Downlink Transmission

3.9.3.1 All uplink and downlink data transmission to and from IP
shall be via the Deep Space Network (DSN).

3.9.3.2 The Lander shall be capable of continuous uplink and
downlink transmission from LOI to post landing shutdown.

3.9.4 High Gain Antenna

The HGA shall be capable of providing coverage via DSN to
accommodate command, monitoring, and engineering data.
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3.9.5 Data Transmission
3.9.5.1 Transmission Rates
TBD
3.9.5.2 RF Link Margins
TBD
3.9.5.3 Bit Error Rates (BER)
Data transmitted (sensor to user) shall have no more than one error
in TBD bits.
3.10 Data Management System (DMS)
3.10.1 Functional Requirements
The DMS shall perform command processing for the Lander subsystems,
provide the required storage for data and commands, provide the central
timing, and provide computation support for all Lander subsystems.
3.10.2 Timing and Clock Frequencies
3.10.2.1 The IP shall provide time in Universal Time
Coordinated (UTC) format and required clock frequencies at
constant frequency with a resolution of one microsecond and a
stability of TBD Hz in 24 hours.
3.10.2.2 The time in UTC format shall be relatable to UTC
within TBD milliseconds.
3.10.3 Command
3.10.3.1 Command Capability
A multi-rate command capability shall be implemented to optimize
commanding in the real time and memory load modes and to
maximize link margin for contingency operation.

3.10.3.2 Command Storage

The Lander shall have the capability for onboard command storage
of TBD thousand words.

3.10.3.3 Command Error

The onboard data management system shall allow for no more than
one erroneous command in TBD commands to go undetected.
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3.10.3.4 Command Confirmation

The Lander shall have the capability to verify command reception
and engineering data transmission during all phases of its mission.

3.10.4 Lander Engineering Telemetry

Data shall be contained in an engineering data stream to determine
the health and status of all on-board systems.

3.10.5 Format Capability

The DMS shall provide re-programmable and fixed format capability and
the capability to select formats.

3.10.6 Data Processing

3.10.6.1 The DMS shall contain a digital computer(s) for data
processing.

3.10.6.2 The data system will be capable of processing uplink and
downlink transmissions from LOI to post landing shutdown.

3.10.7 Computer(s) Reloading

The DMS digital computer(s) shall have the capability to reload or patch
the onboard software upon ground command.

3.10.8 Error Detection and Correction

TBD

3.11 Software

3.11.1 Software Management

The management and development of the Lander flight software and
supporting computer software shall be included in the IP Software
Management Plan, using MM 8075.1 as a guideline.

3.11.2 Preflight Test Software

TBD

3.11.3 Flight Software Design Parameters, TBD

3.12 Guidance, Navigation and Control (GN&C) System

3.12.1 Functional Requirements

3.12.1.1 The GN&C contains the necessary hardware and software
to autonomously execute the IP vehicle attitude and control during
all Lander powered flight phases.
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3.12.1.2 The Lander shall incorporate a tracking system to support
descent and landing at the specified lunar landing site.
3.12.2 Performance Requirements
TBD
3.13 Mechanical System Requirements
TBD
3.14 Physical Standards
3.14.1 Coordinate System

The Lander coordinate system shall be in accordance with NASA TM-X-
73343, as shown in Figure 1-2, page 3 of this document.

3.14.2 Envelopes/Dimensions

The IP shall reside within the TBD usable static envelope provided by the
TBD launch vehicle payload shroud.

3.14.3 Mass Requirements

The total mass of Lander including interface hardware shall not exceed
TBD kg.

3.14.4 NASA Standard Components

The Lander shall incorporate NASA standard and other proven or
qualified parts or components.

3.14.5 Loads and Frequency Requirements

The Lander shall withstand the structural and thermal loads produced by
natural and induced environments as required in Section 3.19.

3.14.6 Measurement Unit System

International System of Units (SI) shall be used. Expression in both SI
and US Customary Units is acceptable where the use of SI units alone
would obviously impair communication or reduce the usefulness of a
report to the primary recipients. When both systems of units are used, the
units used for the principal measurements and calculations will be stated
first, followed by the other system in parentheses.

3.14.7 Factors of Safety
TBD
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3.14.8 Fatigue
TBD
3.15 Reliability Requirements
3.15.1 Single Point Failure
No single point failure within the LUTE/Lander subsystems shall cause a
loss of the IP or permanent loss of command capability, engineering
telemetry, or scientific data.
3.16 Maintainability Requirements
3.16.1 Fracture Control Program
Fracture control program will follow MSFC-HDBK-1453 where
appropriate (TBD).
3.17 Quality Assurance Requirements
TBD

3.18 Safety and Mission Assurance (S&MA) Requirements
3.18.1 S&MA Plan

A S&MA Plan, MSFC-PLAN-TBD, shall be prepared, maintained, and
implemented for the LUTE program. The plan shall describe the
organization and method of implementation of the S&MA program for the
Lander design, development, production, test, and flight with respect to
safety, reliability, and quality assurance requirements.

3.18.2 Launch Vehicle Mission Assurance
3.18.2.1 The safety and mission assurance for the IP will meet the
requirements of NHB 5300.4(1D-2) and NHB 5300.4(1C) as
appropriate, per the IP payload classifications on specific
materials, parts, components and services (TBD).
3.18.2.2 No hazard associated with the Lander or its deployment

procedures shall prevent the safe execution of the launch vehicle
mission.

3.18.3 Ordnance Devices

Ordnance devices utilized in the Lander/LLaunch vehicle interface shall not
degrade the performance of the IP.
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3.18.4 Range Safety
The Lander shall not preclude the launch vehicle from properly executing
a launch vehicle mission abort sequence should one be considered
necessary.

3.19 Environment Requirements
3.19.1 Natural Environment

3.19.1.1 General Requirement

The Lander design shall comply with the natural environment
specified in NASA TM-TBD.

3.19.1.2 Meteoroid, Orbital, and Lunar Debris Impact
The Lander shall provided protection against loss of functional
capability when subjected to the debris flux models as defined in
TBD-DOC.
3.19.1.3 Radiation/Nuclear Radiation
TBD
3.19.1.4 Thermal
3.19.1.4.1 Flight Environment

The Lander shall be capable of withstanding the following
temperature extremes:

Earth Orbit
Minimum: TBD° K
Maximum: TBD® K

Trans-Lunar Flight »
Minimum: TBD
Maximum: 70° K

Lunar Surface Temperature
Minimum: 93° K
Maximum: 395°K

3.19.1.4.2 Ground Environment
GSE shall be provided to accommodate thermal control
requirements for the Lander when subjected to the ground

environments defined in TBD-DOC which are experienced
during pre-flight assembly, test, and transport.

16
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3.19.2 Induced Environment
3.19.2.1 General Requirement
The Lander shall be capable of meeting its performance
requirements after exposure to any environment or combination of
environments specified in DOC-TBD.
3.19.2.2 Acoustics
The Lander shall be designed to assure structural integrity and
functionality upon exposure to the maximum acoustic levels within
the launch vehicle payload shrouds.
3.19.2.3 Random Vibration
The Lander shall be desigried to withstand the random vibration
environments during lift-off and transonic flight.
3.19.2.4 Shock
The Lander shall be designed for the shock levels generated by the
facility and launch vehicle separation devices. The shock levels at
the separation interface shall be attenuated throughout the structure
to component/sub-assembly locations.
3.19.2.5 Low Frequency and Steady State Accelerations
The Lander shall be designed to withstand the low frequency and
stead-state acceleration environments that occur during the launch,
ascent, and on-orbit flight elements.

3.19.2.6 Overpressurization and Control

Provisioﬁs shall be made to preclude over pressurization damage to
any part of the Lander during launch.

3.19.3 Contamination

The Lander shall be maintained in a class TBD environment during and
following assembly.

3.19.4 Magnetic

A magnetic cleanliness program with magnetic materials and wiring
control shall be implemented.

3.20 Transportability/Transportation Requirements
3.20.1 ShippingCQntainer Design®

3.20.1.1 The Lander shall be shipped in a container specifically
designed to protect the IP during surface and air transportation.

312 17
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3.20.2 Transportation Environment
3.20.2.1 The Lander transportation container shall maintain an
environment that meets cleanliness and thermal specifications for
ground processing as outlined in section 3.19 of this document.

3.20.3 Prime Mode of Transportation

3.20.3.1 The prime mode of transportation of the Lander between
ground sites shall be by TBD mode of transportation.

3.21 Storage Requirements
3.21.1 Storage Cleanliness

3.21.1.1 The Lander shall be stored in a class 100K environment
during idle periods after assembly and Lander vehicle integration.

3.21.2 Shelf Life

3.21.2.1 The Lander shall be capable of nominal operations after
TBD years of idle storage.

3.21.3 On-pad Stay Time
TBD
3.22 Design and Construction Requirements
TBD
3.23 Interface Requirements
3.23.1 Launch System Interface

The Lander shall interface with the TBD launch vehicle and its related
facilities as defined in TBD-DOC.

3.23.2 Landerto LUTE
The Lander shall interface with the LUTE as defined in ICD-TBD.
3.23.3 Lander to Deep Space Network

The Lander shall interface with the DSN as defined in ICD-TBD.
(-3-600041)

4.0 VERIFICATION
4.1 General
TBD

313
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4.2 Verification Types

TBD

4.3 Verification Requirements Matrix

TBD

4.4 Verification Facilities and Equipment

TBD

4.5 Spacecraft Hardware Requirements

4.5.1 Payload Classifications

The Lander shall use liberalized payload classifications based upon use of
proven flight design, parts, and materials with applicable testing, as
required in the following documents:

NMI 8010.1
MMI 8030.2
MMI 8080.5

4.5.2 Previously Flown Hardware

The Lander shall reuse previously flown hardware which has been
refurbished and tested as required.

4.5.3 Controlled Prototype Hardware

The Lander shall make use of controlled prototype hardware as flight
hardware by manufacturing to baselined engineering requirements with
quality verifications which have not subjected the hardware to structural or
life-limiting environments exceeding program flight requirements.

45.4 Off-the-shelf Parts

The Lander shall make use of "off-the-shelf" parts, materials and
components qualified for flight use, per the information contained in the
following documents:

MSFC-HDBK-527F
MSFC-STD-506C

5.0 PREPARATION FOR DELIVERY

5.1 Preparation, Packaging and Shipment

6.0 NOTES
TBD

TBD
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7.0 APPENDIX -- A Verification Matrix
TBD
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APPENDIX E

LUTE/ARTEMIS
List of Figures:
Figure 1 LUTE/Artemis Layout
2 Launch Configuration
3 Operational Configuration
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— Lunar Ultraviolet Telescope Experiment ~
Launch Configuration
LUTE
Payload
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— Lunar Ultraviolet Telescope Exoeriment ~\
System Schematic
Light Shade \\
\ 12Tm
High Gain
Antenna 1
2.17m
Solar
Array
— F .
1 Optical
— b Bench Assy
2.88m
1.71m T 1
1.00m 9 Integrated
Electronics Box
Telescope
'S?m Pointing System
A
VAl
\_ J
$-3927-2-383
~

— Lunar Ultraviolet Telescope Experiment

Operational Configuration

High Gain Light Shade

Antenna

Deployment Sequence

« Rollring rotates lightshade / antenna assembly to South
- Hexapod mount tilts entire assembly to zenith

« Deploy solar arrays

- Rotate Hi-galn antenna to acquire Earth

« Deploy aperture cover

+ Begin electronics box louver deployment

+ Begin fine alignment adjustments

1-3929-2-385
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APPENDIX G

LUTE APERTURE COVER CONCEPTS

List of Figures:
Figure 1 Aperture Cover Concept No.
2  Aperture Cover Concept No.
3  Aperture Cover Concept No.
4  Aperture Cover Concept No.
5 Aperture Cover Concept No.
6 Aperture Cover Concept No.
7  Aperture Cover Concept No.
8  Aperture Cover Concept No.
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LUTE
Aperture Cover Concept #2

Latch

e Requires Two Hinges

e Requires at Least Two Latches
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LUTE
Aperture Cover Concept #4
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LUTE
Aperture Cover Concept #6

Optional

Rotation
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EDDY CURRENT DAMPER
R. C. Ellis*, R, A. Fink*, R, W. Rich*
ABS’IRACI‘

A hxgh torque capacxty eddy ‘current damper has been success-
fully developed as a rate limiting device for a large solar array
deployment mechanism, The eddy current damper eliminates the
problems associated with the outgassing or leaking of damping
fluids, It also provides other performance advantages such as
damping torque rates which are truly linear with respect to input
speed, continwous 360 degree operation in both directions of
rotation, wide operating temperature range, and the capability of
convenient adjustment of unit damping rates by the user without
disassembly or special tooling.

" INTRODUCTION -

The eddy current damper shown in Figure 1 consists of a cop-

 per alloy disk which rotates between opposed samarium cobalt mag-

nets. Rotation of the disk in the magnetic field generates cir-
culating eddy currents within the disk which create a damping
torque proportional to rotation speed. The damping output can be
dramatically increased by coupling the eddy current disk to a
gearhead speed increaser (Figure 2). The overall damping rate is
magnified by the square of the gear ratio since the gearhead acts
to simultaneously increase disk speed while reducing the trans-
mitted torque fram the mechanical input of the unit. The damper
design presented in this paper uses a four-stage planetary gear-
head to boost the unit damping rate to 2260 N~-m-sec/rad (20,000
in-1b/rad/sec.). Damping rates can be easily adjusted in the
field by rotating the unit end bell, thereby misaligning magnets
on either side of the eddy current disk.

The damper design also mcorporates other special design
features intended to minimize the size and weight of the unit and
improve reliability.

* Honeywell Space and Aviation Systems, Durham, NC
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Program

Milstar
MSAT
Shuttle RMS
Radarsat
TOPEX

Milstar

DMSP

DAMPER QUALIFICATION STATUS

Customer

LMSC
LMSC
SPAR
SPAR
Fairchild

Hughes

Astro

Status
Qualified
Qualified
Flown
Qualified
Flown

Qualified

In fab.

Qual. temp Qual. Vibr,
Q) Equiv. GRMS
-51 to +104 18.6
-51 to +104 18.6
-36 to +96 15.1
-70 to +60 12.2
-51 to +104 18.6
-73 to +121  Non-op. 26.3
-51 to +71 Oper.

-56 to +61 22.4
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" NO-FIRE CURRENT — 1.0 AMP FOR 1 MINUTE

TECHNICAL DATA SHEET
HOLEX SERIES 5800 GUILLOTINES

DESCRIPTION

The HOLEX 5800 Series Guillotines were designed to incorporate the one amp-one watt No
Fire characteristic in the versatile 2800 Series Guillotines. Additional handling safety is
provided while retaining all the reliable operating characteristics of the 2800 Series.

The 5800 Series Guillotines are classified as “Class C* Explosives and may be shipped by

air or surface transport.

20 GA STRANDED WIRE,
ViINYL (NSULATED

D DIA THRUY,
CSK E Dia 2 45°

¥ L
; 8.50%.50 3

APPLICATION DATA

The 5800 series guillotines have been extensively lested for
operation over a temperature range of -65°F to +1 60°F and
are designed 1o meet most current military environmental
specifications.

These guillotines will cut the following specific cables:
MODEL 5800—3/32 Dia 7 x 7 Cres Cable per MIL-C-5424
MODEL 5801--23/16 Dia 7 x 19 Cres Cable per MIL-C-5424
MODEL 5802—3/8 Dia 7 x 19 Cres Cable per MIL:C-5424

MODEL 5803—7/16 Dia 7 x 19 Cres Cable per MIL-C-5424
1/2 Dia 6 x 19 Galv Stt Commercial Cable

For applications involving other sizes and materials p}ease"conlacl
HOLEX incorporated

~EYELET SHUNT FOR SHIPPING & STORAGE

s_ ==

; BLACK - )

\ A—— BLACK % {*'-—-PR‘ME

s WHITE —

L} - 1

\ SF—— WHITE .5 — BRIDGEWIRE
SCHEMATIC

FIRING CHARACTERISTICS

ALL-FIRE CURRENT — 4.5 AMPERES

RECOMMENDED ALL-FIRE CURRENT — 5.0 AMPERES
BRIDGEWIRE RESISTANCE — 1.0 + 0.1 OHM
PIN-TO-CASE RESISTANCE — 2 MEGOHMS AT 500 VDC
PIN.TO-CASE NO-FIRE — 100 VAC RMS

MILLISECONDS

— + B
HOLEX DiA DiM. . OiM DRILL CSK UNIT
PART A 8 Cc o] E WT
NO. + 005 1 035 +.025 DIA L LN O (o4]
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5500 375 1.4%0 200 { 1285) 188 78
5801 500 20 250 4 11732 1
: ha : {.2500)
ms
7!
5802 éf,___ 3120 870 (4375) 58 312
916
5803 1.125 3.500 800 (.5625) s 8
10 prrr= T T smmmy e nwe =y w——
ERHE SRR
9 1 H-+ HiHH L]
- 3 1 -
o
8 T FIRING CURRENT
VS
L FUNCTIONING TIME
1
6 t
sww I
T
5 t
mmaw S
4 +
s . -
2 1
13 e
|
0o i
[+] | 2 3 4 5 6 7 8 9 10

DC AMPERES

7/82

Com e

LI LT R 11T VR (TR




IRy

T Clew T
i MFLDLEINELS covrany

ELECTRICAL
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“INITIATORS —

NASA STANDARD

INITIATOR (NSI-1)

(P/N SEB26100001-256) l

NOTE: APLUG IS INSTALLED IN THE
UNUSED INITIATOR PORT OF
EACH PIN PULLER INSTALLED
ON THE UMBILICAL BOOM.
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HOW THE SN9400 SERIES NUT SEPARATES

356

SEQUENCE OF OPERATION

1. High pressure gas produced by Power Cartridges is introduced into the

pressure chamber.

2. Locking piston moves away from the bolt, unlocking the threaded segments
engaging the bolt. Movement of the locking piston is stopped by the
separator. This collision is isolated from the nut housing and surrounding
structure, transmitting a very low shock level.

o u s W

,;.///

T //// \
N

Ve N\
Ve
e

A

7,

Threaded segments displace radially away from bolt.
Separator locks segments in open position.

If optional ejector is incorporated, ejector thrusts bolt out of structure joint.

Structure joint is cleanly separated.

3800 |
ROTATARBLE

MANIFOLD . .
{OPTIONAL)

POWER CARTRIOGE HOUSING
BUFFER ZONE RETAINER

PRESSURE | TIONER
CHAMBER POSITIONE
LOCKING

PISTON —— ]
O-RINGS
SEPARATOR —— |

THREADED
SEGMENTS

STRUCTURE
RING

| FLANGE ,
BASE

\I\U}*' o ez e

A =

MS TYPE BOLT

AFTER ACTUATION

BEFORE ACTUATION
1. Bolt is threaded fully into nut seg- 1. Gas pressure acts on locking piston,
ments. moving it away from bolt to unlock

2. Nut segments are fully supported by

locking piston.

3. Structure joint is clamped up to tension

rating of bolt.

threaded segments.

2. Segments displace radially away from
bolt.

3. Bolt ejects and structure joint sepa-
rates. ’
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MODEL 9421-2 NON-EXPLOSIVE SEPARATION NUT

Space-Grade Command Separable 1/4 Inch Fastener

MAJOR DESIGN FEATURES:

PERFORMANCE:

Link Wire Resistance:
Separation Voltage:
Separation Time:

Bolt Load (1/4-28)
Functional -
Proof -

Efficient Redundant Separation

Field Resettable for System Level Testing
Temperature Ranges from

-2389F (-150°C) to +250°F (1212C)

Virtually Shockless Operation

No Fragments or Debris

High Strength Nut Carries Full Bolt Load.
Tensile Loads to 5000 Pounds (22,050 Newtons)

Safe Easy-to-Use Devices Contain No
Explosives. Separation Nuts Can be
Used Without Special Handling or
Transportation Restrictions

1.0 £0.1 Ohms

3.5 VDC Minimum

20 Milliseconds Maximum
at 4.5 Amperes

'5,000 Pounds (22,050 Newtons)
6,400 Pounds (28,224 Newtons)

G&H Technoloav. Inc.
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THE G&H ELECTRO-MECHANICAL SEPARATION NUT
Reliable Minimum Shock Separation

The heart of the Model 9421-2 Separation Nut is a pair of G&H non-explosive spools, small
electro-mechanical devices that have demonstrated unmatched performance in numerous
space and military applications. Actuation of either one of these spools will initiate nut
separation. The spools are insensitive to spurious or unintended signals and separation of
the nut can not occur until the required electrical command is received.

Upon command, however, nut separation is reliable and ultra-rapid. The non-explosive
spools unwind in milliseconds, freeing internal plungers. This movement releases enough
spring force to push the nut locking sleeve out of position. The internal nut threads pull
away, cleanly releasing their grip on the bolt.

Release of the bolt is extremely fast and no debris or contaminants are created. Complete
and reliable separation occurs without the need for pyrotechnic devices. The result is safe,
non-polluting and virtually shock-free separation.

Model 9421-2 Separation Nut
Ready to Actuate - Bolt Not Shown

SPOOL
WIRING

INSULATOR

A T : NEA SPOOL
HOUSING : - ASSEMBLY

p PLUNGER
/_

LOCKING SLEEVE

THREADED SEGMENT COMPRESSION
NE 7 SPRING

s DA e &%
Ry

/— BASE

Redundancy EEER i

Each separation nut contains a pair of G&H non-explosive actuators. Complete separation
will occur if either one, or both, of these actuators is fired. This provides complete electrical
and mechanical redundancy, ensuring that these separation nuts perform when required.

G&H Technology, Inc., Special Products Division :
1649 17th Street, Santa Monica, CA 90404 (310) 450-0561 FAX (310) 452 5478
PR D S A TN S VR T ARERRTHR AT < 45

Rk VTR AU T I 1R R L ER .
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FullyTested

The G&H 9421-2 non-explosive nut has been subjected to an intensive developmental
and qualification testing program to establish its performance characteristics. Test fire
separations were successful after environmental testing at both temperature and load
extremes, demonstrating the reliability and effectiveness of these devices. The results
are summarized below:

TEST
TEST TEST METHOD, RESULTS
NO. MIL-STD
-1576
1 |Insulation Resistance 2117 |Passed. 5 Megohm minimum
at 500 VvDC
2 |High Temperature Exposure 3404 |Passed. There was no
284+5°F (14013°C) for 1 hour evidence of bolt loosening or
nut damage. Temperature
exposure did not initiate nut
separation
Temperature Cycling Passed. There was no
8 cycles from -238°F (-150°C) evidence of bolt loosening or
to +250°F (121°C) nut damage due to
temperature cycling
Shock Passed. There was no
3,000 g at 10,000 Hz evidence of bolt loosening or
Three shocks in each direction nut damage due to shock
of the three major orthogonal axes
Random Vibration Passed. There was no
10to 2000 Hz 22 grms evidence of bolt loosening or
3 minutes in each direction nut damage due to vibration
Static Discharge Passed. Discharge did not
25 kv discharge from initiate nut separation
500 pF capacitor
No-Fire Verification Passed. Current did not
0.6 amps for 5 minutes initiate nut separation ,
Firing Tests Passed. Nuts separated
-100°F (-73°C) and cleanly in less than 18.7
+250°F (121°C) milliseconds at each
4.5 amps 2900 Ib preload temperature
4.5 amps 5000 Ib preload
9 |Bridgewire Resistance Passed. 1.00 +.05 ohm

A complete report on the G&H 9421-2
Separation Nut performance and
environmental test program is
available upon request. Contact your
G&H marketing representative for
information on metric and other size
non-explosive separation nuts,
additional nut applications, and your
copy of the full test report.

G&H Techno
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Shock Output Data

et Gep

ot reer vty

r
Jrescr wong,

The shock generated by the  Ju . -
non-explosive separation of  {io"" %oe
these G&H nuts is signifi- .l 227
cantly less than that =
typically caused by
pyrotechnic separation
devices . The low shock
output during "firing” and
separation of the G&H
9421-2 nut has been
verified in a series of
laboratory tests. The
results of a typical test are
shown at the right.

C-rENK

RESPONSE

NN

Resettable L I . =

G&H non-explosive nuts can be fired during system and subsystem level testing
programs with no damage to attached equipment or the nuts themselves. This enables
designers to establish full confidence in their system performance through a complete
ground verification program. Customers can quickly and easily field refurbish these
separation nuts with no special safety or handling restrictions. This makes them an
attractive and economical alternative to other separation fasteners.

High Strength

Lightweight compact G&H 9421-2 Separation Nuts provide excellent fastening strength.
They will carry the full torque and tension loads of the mating 1/4-28UNF bolts and are
available in high strength materials for special ultra-high load applications. The mounting
pattern uses standard NAS 618 hole limits and these units will replace most commonly
used separation nuts. Their small size and light weight, 6.125 oz. (175 gm), make them
ideal candidates for space applications.

.250-28UNF
FOR =10 (3/16)
BOLT

250
(.635)
1.765
(1.94)
237 ————]
(6.02)

G&H Technology, Inc., Special Products Division
1649 17th Street, Santa Monica, CA 90404 (310) 450-0561 FAX (310) 452-5478
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Description: 6—\/@( 40 S

The Starsys Research RL-50-C Launch Latch fs-a manually resettable release
mechanism for use with moderate release loads (0-150 Ibf). It provides an effective
solution to small satellite solar panel release requirements. Powered by one SRC
HOP linear motor, the RL-50-C is a "T-bar” type release latch which provides
launch restraint and release equivalent to that of a pin puller. The latch is fully
resettable, and can be operated hundreds of times during testing to fully verify
performance.

The modular design minimizes component size and reduces interface
requirements. The latch contains an integral limit switch for sensing latch release.
All electrical connections are made through a standard 9 pin connector mounted to
the latch.

Characteristics:

* Highly reliable operation:
+ HOP linear motor driven.
* Resettability allows extensive testing of flight hardware prior to flight.
+ All surfaces self lubricating.
* Designed for moderate launch and release loads.
+ Self aligning geometry during re-latch.
* Optional kicker springs and active ejection ensure positive release.
* Multiple degrees of freedom are provided between the latch and the mating
T-bar to accommodate misalignment and thermal strains.

Principle of Operation:

When the actuator is energized, it acts upon an internal "latch pin" causing it to
slide relative to the mating, T-shaped release bar. The geometry of the latch pin
and T-bar are such that this extensian releases the T-bar. At the moment of
release, loads are carried by high hardness coatings in line contact allowing high
load release without galling or wear. Further extension of the actuator actively
ejects the clevis from the latch body.

Re-latching is accomplished by extending the actuator, and locating the clevis
within the latch body. As the actuator cools and retracts, the clevis is re-latched.

Specifications:

Physical envelope: 45"X1.5"X 1"
Mass: 140 grams w/ actuator
Launch load capability: 200 Ibf
Release load capability: 150 Ibf
Power requirement: 10 watts at 28 volts
Time-for-release: 150 seconds from 0° C
Lifetime: Minimum 500 releases
Degrees-of-freedom, latch/T-bar: 12.5° conical misalignment
allowable between the latch and
T-bar
C15
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THERMAL KNIFE*

General

i A
D OCBRTC A
I

LR CARY IO, 2 2

ARTIST IMPRESSION OF

THERMAL KNIFE

THERMAL KNIFE
RELEASE SYSTEM

purpose Release system

Fokker Space & Systems has
developed an alternative release
system for space applications.
The thermal knife system which
is based on Kevlar cables being
degraded by two heating ele-
ments, has numerous advantages
over using pyrotechnic devices.
The thermal knife wa. used for
the first time in 1988 on a CNES
antenna release experiment at
the Soviet space station MIR.
This successful release system is

part of Fokker’'s Avanced Rigid

Array (ARA) solar arrays, but is
also applicable to antennae, pay-
loads and jettison systems.

* THERMAL KKIFE IS PATENTED IN THE USA
UNDER NC < 540.873 (10098}

=

Advantages:

- no risk of spontaneous release

- minimum release shock

-~ ground testing of flight units
possible

- requires low current to release

~ low weight

— high flexibility in release re-
quirements

DESCRIPTION OF THE
THERMAL KNIFE

This highly reliable release
system can be applied to almost
every system to be released in
space. It is based on the use of
Kevlar cables for example, to
keep solar arrays together during
launch.

Kevlar is used because of its
strength and its capacity to
degrade when heated above 600
Centigrade. Within the thermal
knife two ceramic plates are
pressed against the Kevlar cable.
These plates are electrically
heated for a period of about one
minute, This period depends on
the diameter of the cable, envi-
ronmental conditions and re-
quired tension in the cable. The
tension in the cable decreases
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